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Abstract
This research develops a Landslide Hazard Rating System for the rainfall-induced
landslides in the Chenyulan River basin area in central Taiwan. This system is designed
to provide a simplified and quick evaluation of the possibility of landslide occurrence,
which can be used for planning and risk management.
A systematic procedure to investigate the characterization of rainfall distribution in a
regional area is developed in the first part of the thesis. Rainfall data for approximately
one decade, 2002 to 2008, from 9 rainfall stations in the study area are included, in
which a total of 46 typhoons are selected and categorized into 3 typhoon paths: the
Northeastern, Northwestern, and Western. The rainfall distribution affected by typhoon
paths in a region is thereby determined.
The second part of the thesis is the Landslide Hazard Rating System, which integrates
different hazard factors: bedrock geology, aspect, and slope gradients. This analysis is
based on the specific characterization of the study area, which consists of the relative
topographic relief (aspect and slope gradients) and variable bedrock geology. The
method of normalized difference is used for examining the relationship of the
topographic features to landslide occurrence. Although this study is conducted in a
specific area, this landslide hazard rating system can be applied to other locations.
Finally, a concept of a rainfall-induced landslide analytical system is proposed to
combine the rainfall distribution analysis and the landslide hazard rating system. This
analytical system is intended to include and address the relationship of rainfall and
landslide occurrence by combining characterizations of rainfall, topography, and
landslide potential. Additionally, this study recommends that, in future work,
theoretical models of rainfall distribution and laboratory tests of soil and rock samples
be included. Together, these will constitute a basis for the prediction of landslide
occurrence. The ultimate goal of future work should be the development of a system for
assessing and forecasting rainfall-induced landslide risks, which can become the
foundation for a comprehensive risk management system for use in planning.
Thesis Advisor: Herbert H. Einstein
Title: Professor of Civil and Environment Engineering
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Chapter 1. Introduction
1.1 Landslides in Taiwan
Landslides in Taiwan are usually triggered by rainfall, earthquakes and human
activities. Among them, rainfall-induced landslides often occur in mountainous areas
during or after heavy rains, resulting in the loss of lives and property. As climate change
intensifies, it is becoming more pressing to develop a systematic method to investigate
rainfall characteristics and the relationship between rainfall and landslides. The theme
of this thesis is therefore rainfall-induced landslides. Nevertheless, some backgrounds
on the other landslide causes will also be provided in this Chapter.
1.2 Rainfall-induced Landslides
This study presents a simple method of characterizing rainfall distribution and
quantifying vulnerability to rainfall-induced landslides in the Chenyulan River basin in
central Taiwan. It is this author's hope that the method developed in this study will
provide a useful tool for quick estimation of rainfall-induced landslides and contribute
to the mitigation of disasters brought by landslides during a typhoon event.
The rainfall-induced landslide analysis in this study consists of two parts. First, due to
the fact that rainfall is one of the significant triggers of landslide occurrence, it is
essential to understand the rainfall characteristics in a region. Rainfall data recorded in
9 rainfall stations over the past decade was analyzed, from which the rainfall
distribution under different typhoon paths in the study area is determined. Secondly, a
landslide hazard rating system is introduced, which integrates three factors: geological
formation, aspect (orientation relative to North), and slope gradients. The normalized
difference method is used with a landslide frequency approach in the Landslide Hazard
Rating System. Figure 1.1 presents the flow chart of this study.
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Figure 1.1 Flow chart of the Rainfall-induced landslide hazard rating system
This Landslide Hazard Rating System is extendable: not only is the interaction between
rainfall and landslides included, but subsequent events are examined for further
modification of this rating system. In subsequent events, the landslides are categorized
into two groups: new and reoccurring landslides. New landslides are those landslides
located in the area where no historical landslides occurred before, while reoccurring
landslides are those with landslide history in the past.
As for the definitions of hazard and risk, Einstein (1997) proposed that Hazard refers to
the probability that a particular danger occurs within a given period of time, while Risk
refers to the hazard multiplied by the potential worth of loss.
The purpose of this research is to establish a systematic method to combine rainfall data
with landslide maps to evaluate rainfall-induced landslide hazard. Accordingly, this
method can be used in a Landslide Risk Management System. The concept of a
Rainfall-induced Landslide Risk Management System is therefore proposed.
Although the analysis in this study is based on the available data in a specific region,
namely, the Chenyulan River basin, it is worth to note that the approach developed in
this study is applicable to other locations.
)ata
ation
stribution Map
stribution Map
Geological Map:
Geological analysis
1.3 Background on other Landslide Causes in Taiwan
The influence of earthquakes and human activities on landslide occurrence is briefly
discussed in the following.
Taiwan is formed as a result of collision of the Philippine Sea plate and Eurasian
continental plate, and also part of the Circum-Pacific seismic belt. The mountain areas
in Taiwan are generated from the crustal convergence, approximately 80 mm per year,
and uplifting 1 to 2 cm per year (Yu et al. 1997). As a result, Taiwan is in a seismically
active zone. According to the statistical record from the Central Weather Bureau in
Taiwan from years 1991 to 2006, on average 18500 earthquakes occur in Taiwan every
year, and approximately 1,000 of them are felt earthquakes. Figure 1.2 presents a
three-dimensional distribution map of earthquake hypocenters, ML >3, from year
1970-2000.
Figure 1.2 3-D image of hypocenter distribution of past earthquakes magnitude ML >3,
1970-2000 (after Shin and Teng, 2001)
ChiChi earthquake, the most remarkable earthquake over the past decade, struck at 2 1s,
September 1999. The magnitude of the ChiChi earthquake has ML=7.3 (Mw=7.6). Its
hypocenter is located at 23.86±0.010 N and 120.81±0.010 E and at a depth of 10
kilometers (Kao et al. 2000) in the central Taiwan. This earthquake caused over 2470
deaths, injured 11,305 people and led to properties loss over than US $10 billion. Not
only the society was struck by the earthquake, the natural environment was also
influenced by this earthquake: extensive landslides and liquefactions occurred.
The 1999 Chichi earthquake triggered numerous landslides in central Taiwan with an
area of 127.8 km2 . After the comparison of satellite photos taken before and after
Chichi earthquake as well as field investigation, Liao (2000) found 9272 landslides in
this area, each of which is larger than 625 in2 .
Because earthquakes are common in Taiwan, the slopes are thus comparatively
unstable, which produce plenty of loose materials often resulting in massive landslides.
More significantly, during the typhoon events, the water pressure increases in the soil
material, producing a decrease in the slope resistance. As a result, disastrous landslides
often occur during and after typhoon events in the mountainous areas.
The human activities also influence the probability of landslide occurrence.
The road system, which includes national highways, provincial highways, and country
roads, is quite dense due to limited area of Taiwan. As the technologies improve with
time, more and more roads can be constructed in the upstream region of river basins.
Some of them even cross over the drainage division zone to the adjacent catchment
areas (Lee et al. 1997). Very often, slope stability decreases dramatically along the road,
causing collapse in the excavated slope surfaces and in the filled slopes. The influence
worsens under highly intense climate condition, such as in typhoon events.
Moreover, the construction of land reclamation also has a direct impact on slope
stability. The land reclamations in the Chenyulan River basin can be categorized into
two parts according to the location, one is the land reclamation on slopes, and the other
is along the river. It is common that the residents construct fences and embankments
along the river to protect the land along the river, which change the river path and often
induces serious flooding. Moreover, the slope area is over cultivated, in which the slope
of the land is often exceeding 25 degrees. The original forest is replaced by cash crops,
which has lower capability to contain water or reduce the erosion of the ground surface.
Lee (1996) reported that during the Herb typhoon, the 61 new landslides occurred in the
reclamation area with the total area of 325000 m2. This fact shows the significant effect
of reclamation land on landslide occurrence.
Vegetation also plays an important role in the landslide analysis. Lee et al. (1997)
compared two satellite photos, with an interval of 10 years (1987 and 1996) to
understand the vegetation transition in the Chenyulan River basin. The result shows
that the area covered with vegetation is reduced by approximately 1748000 m2 , mainly
on the slopes along the river valley. Furthermore, the construction of roads also
removes vegetation. Without the vegetation cover, the slope is often exposed to the
heavy rains and more vulnerable to landslides.
1.4 This Thesis
The impact of earthquakes and human activities on landslide occurrence was discussed
in Section 1.3 as a piece of complementary information regarding landslide hazard
analysis. However, this thesis is focused on the Rainfall-induced Landslide Hazard
Rating System. As a result, the influence of earthquakes and human activities are not
included in the following chapters.
The regional descriptions of the Chenyulan River basin in central Taiwan are given in
Chapter 2, and the definition of typhoons and of landslides occurring during the
Mindulle and Sinlaku typhoons are given in Chapter 3. A Rainfall-induced Landslides
Hazard Rating System is developed and presented in the Chapter 4. Finally, Chapter 5
presents the conclusions of this thesis.
Chapter 2. Physical Characterization of the Study Area
2.1 General Comments
The Chenyulan River basin is located in Nantou County in central Taiwan, with a
catchment area of 445.3 kilometer squares. It is the catchment of the Chenyulan River,
which flows toward the North through this area and is a tributary of the Zhuochui River.
The geographical location is between 23 degrees and 28 minutes (23*28') to 23 degrees
and 47 minutes (23*47') in north latitude, and 120 degrees and 48 minutes (120*48') to
121 degrees (121*0') in east longitude (Figure 2.1). The Chenyulan River basin is
surrounded by mountains. Topographically, the elevation of this area declines from the
South to the North and from the East to the West. The Chenyulan River basin is a
longitudinal valley, in which the north-south extension is longer than the east-west
extension.
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Figure 2.1 Geographical location of the study area, Chenyulan River basin
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2.2 Topography
The Chenyulan River originates from the highest peak in Yushan mountain, where the
elevation is more than 3000 meters asl, down to the junction with Choshui Creek in the
North, where the elevation is only around 300 meters asl. The contour map of the
Chenyulan River basin is presented in Figure 2.2. As a result, with a total river length of
42 kilometers, the river gradient of the Chenyulan River is relatively steep; the
averaged river gradient is 6.75%. Hence, the Chenyulan River is characterized by a
large elevation difference (more than 3000 meters), a steep gradient (6.75%) and a wide
channel (more than 1 kilometer) (Lee 1996). The Chenyulan River valley is a typical
Fault-line valley, which divides the Neogene sedimentary rock on the left bank of the
river from the Paleogene metamorphic rock on the right bank of the river (Figure 2.1).
Because of the longitudinal valley characteristics, there are merely no meanders
developed along the main stream. In addition, the sedimentary deposit is significant
near the bottom of the valley due to the wide channel.
01.53 6 9 12
kilometers
1200E
Chenyulan River Basin
120-/0'E 121'6"E
Figure 2.2 Contour map of the Chenyulan River basin
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2.2.1 Elevation and Slope
The elevation map of the Chenyulan River basin is shown in Figure 2.3. The average
elevation is 1580 meters. Besides, only few areas, 3.1 % of total area, are lower than
elevation 500 meters in the region, and mainly floodplains, while approximately 20%
of the total area is between elevations 500 meters and 1000 meters, featuring alluvial
fans and fluvial terraces. Almost half of the region (49%) is distributed among elevation
1000 meters to 2000 meters. The areas where the elevation exceeds 3000 meters are
primarny in the east of the Chenyulan River basin area, which is also part of the Yushan
Mountains (Table 2.1).
The slope distribution map is generated from the digital elevation model map of the
Chenyulan River basin by slope analysis in GIS software (Figure 2.4). The average
slope of the Chenyulan River basin is approximately 36*. Less than 10% of the total
area is within the 0 to 10 and 10 to 20 slope degrees. Approximately 22.6 % of the total
area is with slopes from 20 to 30 degrees. Moreover, more than 60 % of the total area
has slopes over 30 degrees, which characterizes the Chenyulan River basin as a steep
slope land (Table 2.2).
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Figure 2.3 Elevation map of the Chenyulan River basin
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Figure 2.4 Slope distribution map of the Chenyulan River basin
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Table 2.1 Area of elevation distribution in the Chenyulan River basin
Elevation (m) Area (km2) Percentage (%)
<500 13.8 3.1
500-1000 88.6 19.9
1000-1500 110.4 24.8
1500-2000 105.5 23.7
2000-2500 80.2 18.0
2500-3000 36.5 8.2
3000-3500 8.9 2.0
>3500 1.3 0.3
Total 445.3 100.0
Table 2.2 Area of slope distribution in the Chenyulan River basin
Slope (degree) Area(km2) Percentage (%)
0-100 32.1 7.2
100~200 42.6 9.6
200~300 100.4 22.6
300400 161.9 36.4
>400 108.3 24.3
Total 445.3 100.0
2.2.2 Aspect
Aspect is the direction of the inclined surface in a slope. In this study, the aspect is
adopted in order to describe the interaction between rainfall, wind direction and
topography. Generally, the influence of topography on wind direction and rainfall is
more significant for the windward slope (where the slope faces the wind) than that for
the lee slope (where the slope is in the wind shadow). The definition of aspect direction
is presented in Figure 2.5. In the aspect analysis in the GIS software, the aspect is
generated from the North: the zero directional degree (0*). Hence, the North aspect is
the interval 00 to 22.50 and interval 337.50 to 3600 .In addition, a flat (horizontal)
surface (which means no aspect) is defined as -1 value in the GIS software. The
definitions used in the GIS software, directional degree of each aspect and area
distribution are described in Table 2.3. Most of the aspects occupied 12.5% to 16% of
the total area except the Southeast and the South aspects, where the former is 9% and
the latter is 8.2% (Figure 2.6).
[12.5*
Figure 2.5 Definition of aspect
Table 2.3 Directional degree and area distribution of each aspect
Aspect Directional degree Area (km2) Percentage (%)
North 337.5022.50 59.0 13.3
Northeast 22.5*~67.5* 71.3 16.0
East 67.5*~112.50 57.2 12.8
Southeast 112.50157.5* 40.2 9.0
South 157.50~202.5* 36.6 8.2
Southwest 202.5*~247.50 57.5 12.9
West 247.50292.50 65.1 14.6
Northwest 292.50~337.50 58.3 13.1
Flat -1 0.1 0.0
Total 445.3 100.0
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Figure 2.6 Aspect distribution map of the Chenyulan River basin
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2.3 Geology
2.3.1 Geological History
The mountain areas in Taiwan are caused by one of the youngest tectonic plate
movements of the Earth. The major orogeny which formed recent Taiwan started 9 to 6
Ma ago (1 Ma: 1 Million Years), when the Philippine Sea Plate collided with the
Eurasian Plate. Many geological experts agree that the mountain building process in
Taiwan is continuing. It is summarized by Sibuet et al. (2002, 2004) that the creation of
Taiwan is mainly dependent on two lithospheric movements: (a) the subduction of a
relative western movement of the Philippine Sea Plate beneath the Eurasian Plate, and
(b) the subduction, a northwestern movement of the Eurasian Plate under the
Phillippine Sea Plate.
Because of the direction of plates collision, the Taiwan belt, including most mountains,
valley areas and rock fold zones on Taiwan Island, has to be north-east and north-south
trends (Longitudinal trends) (Figure 2.7). In addition, due to the tectonic activity, the
mountain areas in Taiwan were up-lifted exceeding 1 to 2 cm/year, along with high
earthquake frequency. This phenomenon has generated plentiful fractured materials
and provided abundant sources for landslides.
Figure 2.7 Plate collision mechanism in Taiwan (after Shin and Teng 2001)
The study area, Chenyulan River basin, is located at the junction of the metamorphic
Hsuehshan Range and the unmetamorphosed Western Foothills, where the
Chenyulanchi Fault goes through the Chenyulan River basin and leads to the formation
of the current Chenyulan River (Figure 2.1, Figure 2.9).
The dominant lithologies in the sedimentary stratum are sandstone and shale. In the
metamorphic stratum, slates and meta-sandstones are predominant. According to the
quantity of meta-sandstone, the metamorphic stratum is portioned into four formations,
which are listed in ascending order the Shihpachungchi Formation, Tachien Sandstone
Formation, Paileng Formation and Shuichangliu Formation (Lin et al. 2004).
Based on the geological map of the Chenyulan River basin (Figure 2.8), nine geological
units in the study area are identified: (In descending order of area)
1. Sanhsia Group and its equivalents
2. Juifang Group and its equivalents
3. Shihpachungchi Formation
4. Tachien Sandstone
5. Hsitsun Formation, Chiayang Formation
6. Szeleng Sandstone, Meichi Sandstone, Paileng Formation
7. Alluvium
8. Tatungshan Formation, Kangkou Formation, Shuichangliu Formation
9. Terrace Deposits
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Figure 2.8 Geological map of the Chenyulan River basin
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Among all geological units, the Sanhsia Group and its equivalents account for the
largest area within the study area (40.63%). The second largest geological unit is the
Juifang Group and its equivalents (14.27%), followed by is the Shihpachungchi
Formation, occupying 12.27% of the total area. The Tachien Sandstone accounts for
11.94% of the total area. Besides the formations mentioned above, all the other
geological formations are areas less than 10 percent of the total study area, such as
Chiayang Formation, Paileng Formation, Alluvium and Shuichangliu Formation.
Finally, covering the smallest area is the Terrace Deposits, which is only 1.18% of the
total area.
2.3.2 Stratigraphy
The Sanhsia Group and its equivalents are located mostly in the western zone of the
study area while the Chiayang Formation, Tachien Sandstone and Shihpachungchi
Formation are found in the eastern area (Figure 2.8). Alluvium, Shuichangliu
Formation, Terrace Deposits and Paileng Formation are distributed in the upper-middle
area. Each formation can be summarized as follows.
1. Tachien Sandstone
The Tachien Sandstone was formed in the Eocene age. It is located mainly in the
middle part of Hsuehshan Range belt and distributed in the river basins, such as the
Tachiachi river and the Chenyulan river (Figure 2.8). The Tachien Sandstone consists
chiefly of white to light gray, quartzitic, fine to coarse grained sandstone. The
sandstone is interbedded with carbonaceous slate or metamorphosed shale. The Central
Geological Survey (1979) in Taiwan reported that the Tachien Sandstone is 2700-meter
thick, and can be divided into 3 parts: lower part (650m), middle part (1300m) and
upper part (750m). The upper part includes thick-bedded, medium to coarse grained
sandstone with shale interbeds, while the middle part is composed of mainly coarse
grained, massive quartzitic sandstone. The lower part contains fine to coarse grained
quartzite, green chloritic sandstone, siltstone and little shale interbeds.
2. Shihpachungchi Formation
The Shihpachungchi formation is the oldest exposed formation found in the Hsuehshan
Range. The age of Shihpachungchi formation is dated in the Eocene and composed of
black to dark gray slate, which is interlaminated of light gray sandstone and black slate
and interbedded with thin metamorphosed sandstones. The close interlamination of
light gray sandstone and black slate is the main feature to distinguish the
Shihpachungchi from the other formations. In addition, the light gray sandstone in this
formation is quartzitic, medium to fine grained, partly calcareous and very compact
(Chang 1984). The total thickness of this formation is unknown due to the dissection by
a fault located on the base of this formation (Central Geological Survey, 1984).
3. Alluvium
Alluvium in this study area consists of clay, silt, sand and gravel and forms flood plains
along the river. The age of the Alluvium is Recent, and the thickness is usually 10 to 40
meters. The Alluvium is mostly created from fragments generated from the adjacent
mountains, featuring subangular or subrounded particles (Liu 1971).
4. Tatungshan Formation, Kangkou Formation, Shuichangliu Formation
The age of these three formations is the Oligocene. In the northern part of Hsuehshan
Range belt, the Tatungshan Formation contains thick sandstone beds, which is dark
gray, muddy and with argillite interbeds, in the lower part. This sandstone layer
separates the Tatungshan Formation from the Kangkou Formation below. However,
this sandstone layer disappears gradually further southward to central Taiwan. The
Shuichangliu Formation consists of dark gray to black argillite and slightly
metamorphosed shale. Also, gray and fine-grained sandstone, whose thickness is from
several centimeters to more than one meter, occurs at in different horizons in the slate
and argillite (Central Geological Survey, 1963). Fractures exist in the metamorphosed
sediments. The thickness of this formation is over 1500 meters.
5. Szeleng Sandstone, Meichi Sandstone, Paileng Formation
These three formations are correlated in stratigraphy. However, there are variations in
lithology, especially in formation thickness. While the the thickness of Paileng
Formation is more than 2000 meters in some locations, the Szeleng Sandstone and the
Meichi Sandstone are only several hundred meters thick in total (Central Geological
Survey, 1976). The age of these three formations are dated back to the Oligocene. The
Szeleng Sandstone is mainly distributed in Northeastern Taiwan, and replaced by the
Paileng Formation in central Taiwan, and by the Meichi Sandstone in the eastern part
of the Hsuehshan Range belt.
The Meichi Sandstone consists of gray and fine to coarse grained sandstone with dark
argillite interbeds, as the Paileng formation is composed of white to grayish white,
fine to coarse grained quartzitic sandstone, interbedding with gray sandstone, and dark
gray argillite or slate. In addition, the Szeleng Sandstone, characterized by light gray,
quartzitic sandstone or quartzite with dark gray argillite or slate, is associated with
carbonaceous shale. The Paileng Formation is the main formation distributed in this
area.
6. Hsitsun Formation, Chiayang Formation
The Hsitsun Formation is correlated to the Chiayang Formation in lithology and
stratigraphy (Central Geological Survey, 1977), and the Chiayang Formation is the
major formation distributed in the study area. The age of Hsitsun Formation and
Chiayang Formation is dated as the Eocene - Oligocene. The Hsitsun Formation
consists of well-foliated dark gray slate and phyllitic slate, interbedding with dark
colored, fine grained sandstone. As in the Chiayang formation, slate with fine-grained
sandstone is the main mineral, where slaty cleavage is well-developed. In addition, the
lower part in the Chiayang Formation is often featured by alternating black slate and
light gray metamorphosed sandstone, which is fine to medium grained. The total
thickness of the Chiayahng Formation is possible to exceed 3000 meters at the type
locality.
7. Terrace Deposits
The Terrace deposits in this study area are made up of non- stratified, unconsolidated
gravel beds, laterite, clay and sand, distributed in the adjacent uplands bordering the
basinal areas. The diameter of clasts ranges from several millimeters to larger than 2
meters. The age of the Terrace deposit is determined to be the Pleistocene.
8. Sanhsia Group and its equivalents
The Sanhsia Group is the youngest Miocene sedimentary cycle in western Taiwan
(Chang, 1972). The age of this group is dated Late Miocene - Pliocene. The Sanhsia
group is composed of two formations: a coal-bearing formation is in the lower part and
a marine unit is in the upper part; both formations consist of thick sandstones and shale.
9. Juifang Group and its equivalents
The age of the Juigang Group is the Middle Miocene. This formation is named after a
mining town, a major coal producer in Taiwan, on the Chilung River. This group of
formations represents the middle sedimentary cycle, including a coal-bearing formation
and marine formation, and consists mainly of sandstone and shale.
Table 2.4 summaries the area and characteristics of each formation.
Table 2.4 Proportion of geological units in Chenyulan Area
Name of Formation Age Characteristics of Rocks Area Area
2 Percentage
(%)
Hsitsun Formation, Chiayang Eocene - Slate, phyllite, with
Olgcee.38.1 8.55
Formation Oligocene sandstone interbeds
Eocene Indurated sandstone with
Tachien Sandstone 53.2 11.95
carbonaceous slate interbeds
Eocene Slate, interlaminations of
Shihpachungchi Formation slate and sandstone 54.7 12.28
Szeleng Sandstone, Meichi Oligocene Quartzitic sandstone, slate,
17.7 3.98
Sandstone, Paileng Formation graphitic shale
Alluvium Recent Clay, sand, gravel 15.9 3.56
Late
Sanhsia Group and its
Miocene - Sandstone, shale 181.1 40.67
equivalents Pliocene
Tatungshan Formation, Oligocene
Argillite, indurated
Kangkou Formation, 15.7 3.53
sandstone, slate
Shuichangliu Formation
Terrace Deposits Pleistocene Gravel, laterite, clay, sand 5.3 1.18
Juifang Group and its Middle
Sandstone, shale 63.6 14.29
equivalents Miocene
Total 445.3 100
2.3.3 Geological Structure
The Chenyulan River basin is situated in central Taiwan, the juncture of metamorphic
Hsuehshan Range and the unmetamorphosed Western Foothills (the upper-right corner
in Figure 2.9) (Lin et al. 2004). The major fault within the study area is the
Chenyulanchi fault line, which lies along the Chenyulan River, disconnecting the
sedimentary rocks (Western Foothills) from the metamorphic rocks (Hsuehshan
Range).
Figure 2.9 Simplified geological structure map of the Chenyulan River basin
(after Lin et al. 2004)
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Four faults, the Kulingchiao, Shenmu, Shihpachekeng, and Erhyu faults, are
recognized in the sedimentary rocks, while three thrusts, Chenyulanchi, Shanshihchia,
and Dili, are in the metamorphic terrains. Furthermore, the Shihpachekeng and Erhyu
faults, in the sedimentary terrain, are strike-slip faults, where the offset is tens to
hundreds of meters (Tsan et al. 1962).
2.4 Surface Hydrology
In the Chenyulan River basin, most of the sub-basin areas, smaller than 20 square
kilometers, feature steep slopes, except the sub-basin of Jyunkeng River (31.37 km2 )
Hoshe River (92.33 km2) and Salihsian River (113.1 km2) (Figure 2.10). Moreover,
according to the Horton stream order law, most tributaries along the main river, the
Chenyulan River, are first order streams, unbranched streams originating from the
head of watershed. Only the Jyunkeng River and Salihsian River are forth order
streams. This fact reveals the poor connection between branches in the Chenyulan
River basin. Yet, the elevation-relief ratio of most sub-streams is between 0.15-0.35
(Tsai et al. 2007). This ratio is defined as the largest elevation difference divided by
the distance of these two points in one river basin. This relatively large value of
elevation-relief ratio indicates that the surface relief of sub-streams is high,
introducing intense river incision movement.
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Figure 2.10 Simplified surface hydrological map of of the Chenyulan River basin
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2.5 Climate Condition
The precipitation in the Chenyulan area features a typical subtropical climate with an
average annual rainfall of 2000 to 4000 mm. Climatically, the precipitation is
influenced by the Northeast Monsoon in winter, but by Southwest Monsoon in summer.
The variation of monthly rainfall distribution is large. During the Northeast Monsoon
season (November to April), the precipitation is low: only 20% to 25 % of the annual
rainfall. In contrast, during the Southwest Monsoon season, May to October, the
precipitation is relatively high: approximates 80% of the annual rainfall. It is worth
noting that during the typhoon season (from June to September), the precipitation
features short-period rainfall with particularly high intensity, often triggering landslides
in this area.
Chapter 3. Characterization of Major Landslides and
Typhoon Events in Study Area
3.1 Typhoon-induced Landslides
Taiwan is influenced by 3 to 4 typhoons on average every year. Furthermore, it is not
uncommon that a significant amount of precipitation comes along with typhoons,
resulting in flooding, extensive occurrence of landslides, debris flows and rock falls. In
this study, a total of 46 typhoon events are selected for rainfall analysis, and 2
remarkable typhoon events for landslide analysis. To begin with, in this chapter,
features of landslides occurring during these two typhoon events are summarized. In
the second part, the influential precipitation characteristics are introduced for better
understanding of associating precipitation with landslide occurrence.
3.1.1 Definition of Typhoon
The phenomenon "typhoon", a storm system featured by a huge low-pressured center
and thunderstorms which introduce strong winds and heavy precipitations, has several
different names. For example, it is called Hurricane in the North Atlantic Ocean areas
and Cyclone in the Indian Ocean areas. In this study, the term "typhoon" is used to
represent the tropical cyclones, tropical storms and typhoons in general.
A typhoon is considered to affect Taiwan after the Central Weather Bureau issues the
sea warning along the coastal area. The classification of typhoon intensity used in this
study is described in Table 3.1, which is defined by the Central Weather Bureau in
Taiwan. This classification is based on the maximum wind speed in the center of the
typhoon. For wind speed between 32 meters per second and 51 meters per second, the
typhoon is defined as the medium-strength typhoon. Furthermore, a typhoon is
classified as a weak typhoon if the wind speed in the center of typhoon is below 32
meters per second and a strong typhoon if the wind speed exceeds 51 meters per
second.
Table 3.1 Classification of typhoon intensity (Central Weather Bureau)
Typhoon intensity Wind speed in the
typhoon center (m/s)
Weak Typhoon <32
Medium-strength Typhoon 32-51
Strong Typhoon >51
Ordinarily, the circlular area near the center of the typhoon is where the largest wind
intensity is located. The diameter of a typhoon forming around Taiwan averages 200 to
300 kilometers in general, and sometimes increases to 400 or 500 kilometers (Central
Weather Bureau).
3.1.2 Precipitation Distribution Influenced by Typhoon Events
The meteorological phenomena are complex and often very difficult to observe and
predict due to the numerous unstable factors, such as temperature, air pressure and
vapor, particularly during the typhoon events. It is not an easy task to accurately
predict the path, precipitation, wind, and intensity of typhoons striking Taiwan (Wu et
al. 1999; Wang 1980). Wu et al. (1999) summarized the two major factors that make
the forecasting of typhoons in Taiwan so challenging: a) inadequate meteorological
data over the vast Pacific Ocean, b) the strong interaction between typhoon circulation
and the Central Mountain Range in Taiwan (which has an average elevation of
approximately 3000 m and a dimension of 300 km x 100 km, and is located in
central Taiwan). The Central Mountain Range (CMR) in Taiwan causes significant
variations in path and intensity of a typhoon. Furthermore, the interaction of the
typhoon circulation with the CMR also induces tremendous changes in wind, pressure,
and precipitation distribution.
Precipitation mechanisms of Typhoons can fundamentally be categorized into 3 types:
(a) Orographic Precipitation:
The precipitation is produced when the moist air pushed by the typhoon is lifted as it
moves over a mountain range (Topographical lifting of typhoon circulation).
(b) Convective Precipitation:
Precipitation is caused by typhoon structure, occurs without interaction with
topography.
(c) Middle and lower reaches Precipitation
Precipitation is brought by the interaction between topography and cyclonic circulation
Although the mechanisms of rainfall brought by typhoons are well-understood, the
prediction of rainfall distribution contains difficulties derived from uncertainties. To
predict the rainfall distribution in a certain area, two major methods are often used and
developed in Taiwan: Observational studies (Climate statistics methods) and
Numerical model prediction methods.
Observational study (Climate statistics methods) is based on the statistical application
of historical typhoon data. This method observes the behavior of typhoons and
evaluates historical cases. The structure, path and circulation of typhoons are found
significantly affected by the CMR when typhoon approaches Taiwan (Brand et al.
1974; Wang 1980). Wang (1980) analyzed the path, intensity and evolution of 53
typhoons that approached Taiwan from the year 1946 to 1975. He found that some
typhoons, heading westward, tend to move cyclonically. Brand et al. (1974) found
that the typhoons experienced an averaged 40% decrease in intensity when they move
across the CMR. Nevertheless, the disadvantage of the Climate statistics method is the
insufficiency in predicting exceptional typhoon cases. Furthermore, most of the early
observational studies are based on the traditional surface and upper-air observations,
which are insufficient to depict the three-dimensional structure of typhoons.
The Numerical model prediction method, which uses mathematical and physical
models of oceans and atmospheres to predict current weather condition, is able to
predict reasonable rainfall distributions in typhoon events. However, because of the
essential uncertainties in the atmosphere, this model is less applicable in the real life
prediction. This is especially true when the real typhoon paths are not as predicted,
and the predicted rainfall distribution also differs considerably. Several numerical
models have been developed to investigate the influences of the CMR on the typhoon
path (Chang 1982; Bender et al. 1985; Yeh and Elsberry 1993 and others). Yeh and
Elsberry (1993) found that the westward-moving tropical cyclones tend to have larger
deflection if the storms are weaker and slower-moving.
As for the basis of typhoon characterizations, four major variables affecting the
precipitation distribution during typhoon events were summarized by Chen et al.
(1993):
a.) Topography
b.) Moving speed of typhoon
c.) Characterizations of air current in surrounding environment
d.) Structure of typhoon (For example, magnitude of cyclonic circulation)
Among these four variables, Topography is the most stable variable. Moreover, Chen et
al.(1993) used Empirical orthogonal function and Regression analysis to verify the
strong relation between topography, pressure field and typhoon structures, in which the
rainfall distribution all over the Taiwan island is explored according to the location of
the typhoon center.
In this study, the interaction between the topography and precipitation from typhoons
is considered by including the topographic features (aspect and slope) in the Landslide
hazard rating system. Moreover, the precipitation of typhoons is characterized by
investigating two rainfall variables: Total rainfall (mm) and Maximum rainfall
intensity (mm/hr).
3.1.3 Features of Landslides Occurring During Typhoon Mindulle, 2004
3.1.3.1 Typhoon Mindulle
The Mindulle typhoon formed as a weak typhoon in the Pacific Ocean on June 23 r,
2004. It went towards the West and became a medium-strength typhoon with maximum
center wind speed around 45 meters per second. The Mindulle typhoon moved toward
the North on June 30w, passing through the southeast sea of Taiwan, and landed on the
east coast of Taiwan on July I'. The Mindulle typhoon path is shown in Figure 3.1.
The Mindulle Typhoon brought an average total accumulated rainfall of approximately
925 (mm) in the Chenyulan River basin, ranging from 600 mm to 1425 mm among 9
rainfall stations. This typhoon also introduced large amount of precipitation from the
Southwest Monsoon, resulting in huge accumulated precipitation of 2155 mm in the
southern region of Taiwan.
Typhoon Mindulle (2004)
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Figure 3.1 Typhoon path of the Mindulle typhoon (Central Weather Bureau, Taiwan)
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The Mindulle typhoon led to severe flooding and landsliding in Taiwan, causing total
29 fatalities and damage and loss of properties around US $200 millions.
3.1.3.2 Features of Landslides Reported during Typhoon Mindulle
Typhoon Mindulle triggered the tremendous landslides and debris flows occurring in
the study area due to its slow moving speed (Figure 3.2). The landslide map of the
Mindulle typhoon is generated by using aerial photographs of the study area taken
before and after the typhoon event. A total of 1172 landslides are included in this
study in the Chenyulan River basin during the Mindulle typhoon. The largest
landslide area is 0.96 km2 with total landslide area approximately 21.19 km2 . Chen et
al. (2005) pointed that many landslides shown in Figure 3.2 were reoccurring
landslides, which were initially induced during the Chichi earthquake.
Landslides Map of Mindulle Typhoon
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Figure 3.2 Landslide map of the Mindulle Typhoon in the Chenyulan River basin
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3.1.4 Features of Landslides Occurred During Typhoon Sinlaku, 2008
3.1.4.1 Typhoon Sinlaku
The Sinlaku typhoon was initially shaped as a tropical depression at the beginning in
the eastern sea of Philippines, moving in a northwestern direction (Figure 3.3). The
Sinlaku typhoon grew into a weak typhoon on September 8h', and became a strong
typhoon on the 11 " with the maximum center wind speed equal to 51 meters per second
towards northeastern direction. On September 13'h, this typhoon became stationary, and
landed at the northeast coast of Taiwan on the 14.
During the Sinlaku typhoon period, 9 rainfall stations in the Chenyulan River basin
recorded an average total rainfall of 735 mm in this area, ranging from 500 to 1080 mm,
which are records from 9 rainfall stations in the Chenyulan River basin. Moreover, the
highest total rainfall record was found in the central western Taiwan, approximating
1601 mm. 36 rainfall stations all over Taiwan observed total rainfall exceeding 1000
mm.
Typhoon Sinlaku (2008)
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Figure 3.3 Typhoon path of the Sinlaku typhoon (Central Weather Bureau, Taiwan)
3.1.4.2 Features of Landslides Reported during Typhoon Sinlaku
The Sinlaku typhoon generated severe flooding, landslides, and debris flows because
of its long duration in Taiwan. Typhoon Sinlaku caused serious damage, including
loss of agriculture products, collapses of buildings, river flooding, and landslides. In
the study area, 507 landslides are found in the landslide map of Typhoon Sinlaku,
which was analyzed by two aerial photos took before and after this typhoon event
(Figure 3.4). Among these landslides, the largest one is 0.52 km2 and the total area is
5.80 km2 . Shou et al. (2011) found that compared with the landslides of Typhoon
Mindulle and Sinlaku, the reoccurring landslides become fewer and fewer, revealing a
decrease in probability of reoccurring landslide occurrence.
.... .............. . ..............   .
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Figure 3.4 Landslide map of the Sinlaku Typhoon in the Chenyulan River basin
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3.2 Influential Rainfall Factors and Parameters in Landslide Occurrence
The landslide analysis usually starts with the question of what triggers landslides. In
general, there are three major candidates: loose material, adequate amount of water
and steep slope gradient. Loose material, including clay, sand, gravel, and rock,
provides the mass of landslides, while water reduces the shear strength between
particles. Moreover, slope is a contributing factor for landslide occurrence. Therefore,
we can divide the factors associated with rainfall-induced landslides into two
categories: hydraulic factors and geological factors. The hydraulic factors, which are
mainly related to the rainfall parameters, are introduced in this section.
3.2.1 Influential Precipitation Characteristics and Parameters in Landslide
Occurrence
In past studies, researchers have developed several precipitation parameters to
describe the precipitation characteristics correlated with the landslide occurrence.
Four precipitation parameters are often selected to describe rainfall:
1. Rainfall intensity (mm/hr)
2. Rainfall duration (hr; day)
3. Accumulative rainfall (mm)
4. Antecedent rainfall (mm)
Rainfall intensity and Rainfall duration are two parameters often used to determine
the critical limit for landslide occurrence. Researchers investigated the rainfall
intensity and rainfall duration within a region, using statistical tools (such as statistical
regression), to estimate the threshold of rainfall that will trigger landslides (Caine
1980; Cannon et al. 1985; Wieczprek 1987; Larsen et al. 1993).Caine (1980)
presented the concept of rainfall threshold by Rainfall intensity and Rainfall duration.
This concept derived from Starkel (1979), who theorized that a critical rainfall was a
combination of Rainfall intensity and Rainfall duration. Keefer et al. (1987) used
rainfall data and saturation limits in soil formations to derive an equation of Rainfall
intensity and Rainfall duration (Equation 3.1). This equation is helpful in representing
the rainfall threshold in landslide occurrence.
(I- 1) D = Qc
(Equation 3.1)
(Keefer et al.1987)
I= Hourly rainfall intensity (mm/hr)
D = Rainfall duration (hr)
10= Drainage rate in soil formations (mm/hr)
Qc= Critical water volume that can be retained in the saturated soil formation
(mm)
The values of I, and Qc depend on the steepness and geometry of the hillslope, the
position of the slip surface, and the mechanical and hydrological properties of the
slope (Keefer et al. 1987).
Accumulative rainfall and Rainfall intensity are also commonly combined to feature
the rainfall during landslide occurrence (Wieczorek et al. 1983; Lin et al. 2004).
Accumulative rainfall represents the total amount of rainfall since rainfall starts in a
rainfall event, while Antecedent rainfall represents the rainfall in a specific period
before the landslide occurred. For instance, the total amount of rainfall collected three
days prior to the landslide event is presented as a 3-day antecedent rainfall.
Lin et al. (2004) found that the Rainfall intensity and Accumulative rainfall amount
required in triggering landslides decrease greatly after earthquakes. Wieczorek et al.
(1983) selected rainfall duration before a specific rainfall intensity to describe the
rainfall characterization in landslide analysis. Guzzetti et al. (2004) concluded that
landslides initiated 8 to 10 hours after the beginning of the storm and most of them
occurred in response to rainfall intensities of 8 to 10 mm per hour in the Armea valley
in Italy.
Antecedent rainfall is also proven to be associated with the landslide occurrence (Ko
Ko et al. 2004; Glade et al. 2000). Ko Ko et al. (2004) used two landslides events to
determine the most critical antecedent rainfall period and suggested that the 15-days
antecedent rainfall provides best correlation to landslide occurrence in the Unanderra
and Moss Vale Railway Line in Australia.
In general, the higher the Rainfall intensity, the higher the probability of landslide
occurrence. The Antecedent and Accumulative rainfall are also able to trigger
landslides.
3.2.2 Division of Rainfall Period
To quantify the precipitation parameters, a rainfall period must be defined. The
division of rainfall period used in this study is explained in this section. The term
"effective rainfall" is used to describe the rainfall parameters derived from a defined
rainfall period in this study.
To define the start and end of a rainfall event, the 24-hr accumulated rainfall is
calculated by summing up the rainfall intensity (mm/ hr) in a 24 hour roll-over. A
rainfall period is defined to start when the 24-hr accumulated rainfall exceeds 4 mm,
and to end when it is smaller than 4 mm. Figure 3.5 shows an example of determining
the rainfall period of the Mindulle typhoon in rainfall station C1106 in the study area.
The X-axis in Figure 3.5 is the time with an interval of 4 hours, while the Y-axis is the
hourly rainfall intensity (mm/hr) recorded at the rainfall station.
The reasons for selecting the criterion of 4 mm in 24-hr accumulated rainfall to
differentiate the rainfall period are that the rainfall amount smaller than 4 mm within a
day (24 hours) is not sufficient to trigger landslides, and the 4 mm criterion of 24-hr
accumulated rainfall provides a reasonable selection of rainfall periods (Jan et al.
2003, 2004). Therefore, when we associate the rainfall parameters with the landslides
occurrence, only the parameters derived within the defined rainfall period are
representative to describe the rainfall characterization in landslide analysis.
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Chapter 4. Rainfall-induced Landslide Risk Analysis
This chapter presents a rainfall distribution analysis and a landslide hazard rating system. The
rainfall distribution analysis, which quantifies the rainfall features, is intended to investigate
the regional rainfall distribution under the effect of the direction of the typhoons. The landslide
hazard rating system provides a systematic method to evaluate probability of landslide
occurrence, which aids in making land-use decisions and installing landslide alarm systems.
Several critical factors are used in the landslide hazard rating system, such as geology, aspect,
and slope. The goal of this study is to provide a systematic framework to investigate
rainfall-induced landslides by combining a rainfall distribution analysis and a landslide hazard
rating system.
4.1 Rainfall Analysis
Since rainfall always plays a dominant role in landslide analysis, it is necessary to investigate
the rainfall distribution in the study area. The regional rainfall distribution can be further
integrated into a landslide alarm system proposed later in this chapter. This section
demonstrates a simplified rainfall analysis with a view to understanding the rainfall
distribution in a regional area in the early analysis stage. The reason for selecting the simple
rainfall analysis is that the rainfall distribution prediction often requires complex models and
many parameters, which are often time and human resource consuming. In this study, the
author intends to provide a framework for integrating rainfall analysis into rainfall-induced
landslide analysis. What is notable is that it is possible to go deeply into more details of the
rainfall distribution analysis. The phrases used to characterize rainfall period in this rainfall
analysis are defined, and the collection of rainfall data in this rainfall analysis is explained in
the following sections. Finally, the rainfall analysis result is presented in order to show that the
regional rainfall distribution is significantly influenced by typhoon paths.
4.1.1 General Phrases and Definition to Characterize Precipitation
Several rainfall parameters, often used in the rainfall-induced landslide analysis, are introduced
in Section 3.2.1. It is commonly agreed that the suitable rainfall parameters should be selected
according to local conditions of the area because rainfall distribution is dependent on
topography and climate conditions. In this study, two parameters are selected to describe the
precipitation in a typhoon event: the total rainfall amount (the sum of hourly precipitation in
one typhoon event) and the maximum rainfall intensity (the maximum hourly precipitation in
one typhoon event).
Figure 4.1 is the rainfall distribution statistics of the typhoon Toraji, 2001, gathered at rainfall
station C1106. The X-axis shows hourly time period (hr), while the Y-axis represents the
hourly rainfall (mm/hr). (Due to the limited space, the x-axis shows 2-hr intervals in Figure 4.1,
while the data is derived from hourly time periods) The definitions of parameters and the
reasons why they are selected are explained in following sections.
Total rainfall
Total rainfall is the sum of the entire hourly rainfall within a selected rainfall period in a
typhoon event. In Figure 4.1, it is the area under the rainfall distribution curve. This parameter
is important since it indicates the total amount of rainfall that may partially infiltrate into the
ground surface during a typhoon event. Therefore, it is selected to show the scale of the
typhoon.
Maximum hourly rainfall intensity
The maximum hourly rainfall intensity is the peak of the rainfall distribution curve in one
typhoon event. In Figure 4.1, the peak value is 77 (mm/hr) for the Toraji typhoon. This
parameter is selected because the maximum rainfall intensity implies the largest hourly energy
input (trigger) to the ground during one typhoon event. It also indicates the highest probability
as the landslide is triggered.
These two parameters are selected to feature rainfall distribution of the study area.
Rainfall Record of Typhoon Toraji in Station C1106
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Figure 4.1 Rainfall distribution curve of Toraji Typhoon in station C1106
(Total rainfall and Maximum rainfall intensity are indicated)
4.1.2 Rainfall Data Collection and Analysis
There are 9 rainfall stations within the Chenyulan River basin. Table 4.1 lists the name, code,
and location, while Figure 4.2 shows the location of rainfall stations in the study area. Among
the 9 rainfall stations, the Feng-Chiou, Shang-An-Chiau, Sin-Sing-Chiau, and Dong-Pu are
four rainfall stations installed after August 2002. To keep consistency, the hourly rainfall data
is collected from year 2002 to 2008 in each station. Within the seven-year period, a total of 46
typhoons, reported by the Central Weather Bureau, are included in this study (Table 4.2).
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Table 4.1 Code and location of each rainfall station in the Chenyulan River basin
Station Code Station Name Location (Degrees)
(North latitude, East longitude)
C0H9A Shen-Mu Tsuen (23.5361, 120.8347)
Cl130 Shang-An-Chiau (23.73, 120.8656)
C1134 Sin-Sing-Chiau (23.5658, 120.8597)
C1135 Dong-Pu (23.5581, 120.9167)
C1106 Wang-Siang (23.62, 120.9161)
C1129 Feng-Chiou (23.6722, 120.8817)
C1108 Sin-Yi (23.6914, 120.8428)
C1107 Ho-She (23.5925, 120.8808)
C1M44 Sin-Gau-Kou (23.4808, 120.8703)
Location of Rainfall Station
in the Chenyulan River Basin
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C1108
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Figure 4.2 Location of rainfall stations in the Chenyulan River basin
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Table 4.2 46 Typhoons between year 2002 to 2008
Typhoon Typhoon
Year Period Typhoon Name Year Period Typhoon Name
(Month/Day) (Month/Day)
2008 09/26-09/29 JANGMI 2005 08/03~08/06 MATSA
2008 09/21-09/23 HAGUPIT 2005 07/16-07/20 HAITANG
2008 09/11-09/16 SINLAKU 2004 12/03-12/04 NANMADOL
2008 08/19-08/21 NURI 2004 10/23~10/26 NOCK-TEN
2008 07/26-07/29 FUNG-WONG 2004 09/26-09/27 MEARI
2008 07/16-07/18 KALMAEGI 2004 09/11-09/13 HAIMA
2007 11/26-11/27 MITAG 2004 08/23-08/26 AERE
2007 10/04-10/07 KROSA 2004 08/10-08/13 RANANIM
2007 09/17-09/19 WIPHA 2004 07/14-07/15 KOMPASU
2007 08/16-08/19 SEPAT 2004 06/28-07/03 MINDULLE
2007 08/08-08/09 WUTIP 2004 06/07-06/09 CONSON
2007 08/06-08/08 PABUK 2003 11/02-11/03 MELOR
2006 09/14-09/16 SHANSHAN 2003 08/31-09/02 DUJUAN
2006 08/07-08/09 BOPHA 2003 08/22-08/23 KROVANH
2006 07/23-07/26 KAEMI 2003 08/19-08/20 VAMCO
2006 07/12-07/15 BILIS 2003 08/02-08/04 MORAKOT
2006 07/07-07/09 EWINIAR 2003 07/21-07/23 IMBUDO
2006 05/16-05/18 CHANCHU 2003 06/16-06/18 SOUDELOR
2005 09/30-10/03 LONGWANG 2003 06/01-06/03 NANGKA
2005 09/21-09/23 DAMREY 2003 04/21~04/24 KUJIRA
2005 09/09-09/11 KHANUN 2002 09/04-09/08 SINLAKU
2005 08/30-09/01 TALIM 2002 07/09-07/10 NAKRI
2005 08/11-08/13 SANVU 2002 07/02- 07/04 RAMMASUN
4.1.3 Rainfall Analysis
The rainfall periods for these 46 typhoons are therefore defined based on the method stated in
Section 3.2.2. In each rainfall station, the total rainfall (mm) and the maximum rainfall
intensity (mm/hr) are determined for each typhoon event (see Appendix).
One of the interests of the author in this study is to develop a simplified rainfall analysis
method to investigate the rainfall distribution in typhoon events. Hence, the 46 typhoon events
are divided into 3 categories based on their path direction: the Northwest, West, and the
Northeast directions. The typhoon paths of 3 typhoon events are shown in Figure 4.3, Figure
4.4, and Figure 4.5 to explain the typical typhoon paths of the Northwest, West and Northeast
directions respectively. The numbers of typhoon in each direction are shown in Table 4.3.
Figure 4.3 Typical typhoon path of the Northwest direction: the Sepat Typhoon
Figure 4.4 Typical typhoon path of the West direction: the Pabuk Typhoon
Figure 4.5 Typical typhoon path of the Northeast direction: the Nakri Typhoon
Table 4.3 Numbers of Typhoon event in different directions
The average total rainfall and average rainfall intensity according to different typhoon paths in
each rainfall station are calculated by averaging the total rainfall (mm) and rainfall intensity
(mm/hr) of the 21, 14, and 11 typhoons separately.
The results are presented in Figure 4.6.
2002-2008 Direction No. of Events
Typhoons Northwest 21
West 14
Northeast/North 11
Total 46
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Figure 4.6 Average rainfall records from nine rainfall stations
(a) Average rainfall records from nine rainfall stations for Northwestern
typhoon path, (b) Average rainfall records from nine rainfall stations for
Western typhoon path, (c) Average rainfall records from nine rainfall
stations for Northeastern typhoon path
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The different rainfall distributions from 9 rainfall stations due to the different typhoon
paths are shown in Figure 4.6 a, b, and c. Typhoons towards the Northwest brought the
highest rainfall intensity and total rainfall to this area, ranging 150 to 280 mm in total
rainfall and 19 to 26 mm per hour in maximum rainfall intensity. As for the Western
typhoon path, the maximum rainfall intensity ranges from 12 to 21 mm per hour, while
total rainfall ranges from 95 to 200 mm. In Northwestern and Western typhoon analyses,
3 rainfall stations, C1106, COH9A and C1M44, receive larger amount of rainfall than
the other 6 stations. These six stations are located in the lower elevation area, the
bottom of valley in the Chenyulan River basin. Therefore, the rainfall stations can be
divided into at least two groups to feature the rainfall distribution from Northwestern
and Western typhoon paths. Among typhoons moving northeast, the maximum rainfall
intensity from 9 stations is in a smaller range from 12 to 16 mm per hour in most
stations, except 21 mm per hour observed in station C1I06. Also, the total rainfall is
between 85 to 175 mm. This rainfall station analysis method allows one to understand
the rainfall distribution from typhoon events in the study area in a quick and simple
way.
4.2 Rainfall-induced Landslide Hazard Rating Analysis
4.2.1 General Comments
In the previous section, precipitation is taken into account by conducting rainfall
distribution analysis. It is concluded that the precipitation is influenced greatly by the
typhoon paths as observed in the rainfall distribution analysis. In the landslide hazard
rating system, two landslide maps from different typhoon events (The Mindulle and
Sinlaku typhoons) are used to determine the landslide hazard. It is noteworthy that
although only one landslide map is used to determine a certain typhoon path, this
system is not flawed though data insufficiency because it is renewable and updatable.
This study is aimed of providing a systematic framework to evaluate the
rainfall-induced landslide hazard, and for the future design of the landslide alarm
systems.
Moreover, not only the landslide hazard of different typhoon paths, but the hazard for
new and reoccurring landslides are also investigated by comparing the landslide maps
from the Mindulle and Sinlaku typhoons.
Geological and geographical factors are vital when determining the susceptibility of
particular location, because the relative differences in geography are related to the
rainfall-topography interaction. Three factors are selected to define the relative
difference in geology and topography:
Geology
Aspect
Slope
4.2.2 Bedrock Geology
Bedrock geology is the basic factor used in the Landslide hazard rating system. The
reason for using geology as the basic factor is that the probability of landslide
occurrence is affected by the geological units, since the soil layers on the surface are
derived from bedrock and have similar material properties if they are in the same
geological formation (geological unit) zone.
To identify the bedrock geology in the Chenyulan River basin, a 1:500000 geological
map of the study area is used (Figure 2.8), in which each bedrock unit is determined.
For each geological unit, the area influenced by landslides is described by calculating
the ratio of landslide area in a certain geological unit to the geological unit area
(Equation 4.1). The result is shown in Table 4.4.
Landslide area in particular geological unit
Area of particular geological unit
(Equation 4.1)
Table 4.4 Percentage of landslide area for geological unit in the Midulle Typhoon
Landslide % of
Formation Geology area in LandslideArea (km2) 2004 area in 2004
Mindulle Mindulle
Hsitsun Formation, Chiayang Formation 38.088 3.281 8.614
Tachien Sandstone 53.229 3.681 6.915
Shihpachungchi Formation 54.688 2.691 4.920
Alluvium 15.872 0.023 0.146
Szeleng Sandstone, Meichi Sandstone, Paileng 17.717 1.022 5.771
Formation
Tatungshan Formation, Kangkou Formation, 15.732 0.410 2.604
Shuichangliu Formation
Terrace Deposits 5.261 0.231 4.384
Juifang Group and its equivalents 63.627 1.096 1.723
Sanhsia Group and its equivalents 181.103 8.757 4.836
Total 445.317 21.192
From the Table 4.4, there are three formations in which the landslide ratio exceeds 5%:
the Chiayang Formation, Tachien Sandstone, and Paileng Formation.
According to the above result, a classification of landslides hazard for particular
geological units is proposed and listed in Table 4.5.
Table 4.5 Classification of landslide percentage
Percentage of 0-2 2-4 4-6 6-8 >8
landslides (%)
Classification 1 2 3 4 5
Therefore, with the geological classification and the Mindulle typhoon landslides ratio,
the geological units are rated in Table 4.6.
Table 4.6 Classification of landslide area for geological unit in Typhoon Mindulle
Formation % of Landslide area in Classification2004 Mindulle
Hsitsun Formation, Chiayang Formation 8.614 5
Tachien Sandstone 6.915 4
Shihpachungchi Formation 4.920 3
Alluvium 0.146 1
Szeleng Sandstone, Meichi Sandstone, Paileng 5.771 3Formation
Tatungshan Formation, Kangkou Formation, 2.604 2Shuichangliu Formation
Terrace Deposits 4.384 3
Juifang Group and its equivalents 1.723 1
Sanhsia Group and its equivalents 4.836 3
It is worth noting that in this study, the landslides occurrence influenced by geological
unit is initially determined by selecting the 2004 Mindulle Typhoon Landslide map.
The reason why the Sinlaku typhoon landslide map is not used for geological analysis is
that the landslide area during the Sinlaku typhoon is smaller than during the Mindulle
typhoon, and the area is too small to distinguish geological units. The Sinlaku-induced
landslides are also calculated and classified in Table 4.7, in which the classification is
less representative with landslide area ratios are all under 3%.
Table 4.7 Percentage of landslide area for geological unit and classification in the
Sinlaku Typhoon
Landslide
Formation Geology Lanslide% of Landslide ClassArea (kma) Sinlaku area in Sinlaku
Hsitsun Formation, Chiayang 38.088 0.907 2.381 2
Formation
Tachien Sandstone 53.229 0.649 1.219 1
Shihpachungchi Formation 54.688 0.694 1.269 1
Alluvium 15.872 0.001 0.003 1
Szeleng Sandstone, Meichi 17.717 0.082 0.466 1
Sandstone, Paileng Formation
Tatungshan Formation, Kangkou
Formation, Shuichangliu 15.732 0.010 0.066 1
Formation
Terrace Deposits 5.261 0.139 2.643 2
Juifang Group and its equivalents 63.627 0.478 0.752 1
Sanhsia Group and its equivalents 181.103 2.843 1.570 1
Total 445.317 5.803
4.2.3 Aspect
Aspect is taken into account in this landslide hazard rating system because it is known
that the rainfall distribution is influenced by the direction of the typhoon path when the
front of rainfall interacts with topography.
Figure 4.7 and Figure 4.8 explain the rainfall distribution influenced by typhoon paths.
For the Northeastern typhoon path, aspects towards the West, Southwest, and South are
more likely to collect more precipitation, while the Northeast, North, and East aspects
are less likely (Figure 4.7). Based on the rationale stated above, a classification for
aspect under the Northeastern typhoon path is proposed in Table 4.8. The Northeast,
North, and East aspects are classified as Class 1, while the West, Southwest, and South
aspects are Class 3. The Southeast and Northwest aspects are intermediate and
classified as Class 2.
The same logic applies to the Northwestern typhoon path, and it can be seen in Figure
4.8 that the East, Southeast and South aspects confront the rainfall front, while the West,
Northwest, and North aspects do not. Therefore, the classification of aspect for the
Northwestern typhoon path is proposed in Table 4.9. Class 1 includes the West,
Northwest, and North aspects, while Class 2 contains the Northeast and Southwest
aspects, Class 3 for the East, Southeast and South aspects.
Typhoon Path (Northeastern)
Figure 4.7 Relative position between aspect and typhoon path (Northeastern)
Table 4.8 Classification in aspect for Northeastern typhoon path
Figure 4.8 Relative position between aspect and typhoon path (Northwestern)
Typhoon Path (Northwestern)
Table 4.9 Classification in aspect for Northwestern typhoon path
As a result, based on the proposed classifications of geology and aspect, summary
charts of landslides hazard for different typhoon paths are presented in Table 4.10 and
Table 4.11.
Table 4.10 Classification of landslide hazard by geology and aspect for the
Northeastern typhoon path
(Geological Classification is derived from Table 4.6; Aspect Classification is derived from Table 4.8)
Formation Geological Aspect Classification
Classification
N 1
NE 1
E 1
SE 2
Hsitsun Formation, Chiayang Formation 5
S 3
SW 3
W 3
NW 2
N 1
NE 1
E 1
SE 2
Tachien Sandstone 4
S 3
SW 3
W 3
NW 2
N 1
NE 1
E 1
Shihpachungchi Formation 3
SE 2
S 3
SW 3
Szeleng Sandstone, Meichi Sandstone,
Paileng Formation
Formation, Kangkou
Shuichangliu Formation
w 3
__ 
I N W 2
Terrace Deposits
NE 1
E 1
SE 2
3
S 3
SW 3
W 3
___ NW 2
Juifang Group and its equivalents
NE 1
E 1
SE 2
S 3
SW 3
W 3
____ NW 2
Sanhsia Group and its equivalents
NE 1
E 1
SE 2
S 3
SW 3
W 3
NW 2
Table 4.11 Classification of landslide hazard by geology and aspect for the
Northwestern typhoon path
(Geological Classification is derived from Table 4.6; Aspect Classification is derived from Table 4.9)
Formation Geological Aspect Classification
Classification
N 1
NE 2
E 3
SE 3
Hsitsun Formation, Chiayang Formation 5
S 3
SW 2
W 1
NW 1
N 1
NE 2
E 3
SE 3
Tachien Sandstone 4
S 3
SW 2
W 1
NW 1
N 1
NE 2
E 3
Shihpachungchi Formation 3
SE 3
S 3
SW 2
Alluvium
Szeleng Sandstone, Meichi Sandstone,
Paileng Formation
W1
NW 1
NE 2
E 3
SE 3
S 3
SW 2
W 1
NW 1
t I
NE 2
E 3
SE 3
S 3
SW 2
W 1
NW 1
Tatungshan Formation, Kangkou
Formation, Shuichangliu Formation
NE 2
E 3
SE 3
S 3
SW 2
_I W 1
I I NW 1
Terrace Deposits
t I.
Juifang Group and its equivalents
NE 2
E 3
SE 3
S 3
SW 2
W 1
NW 1
NE 2
E 3
SE 3
S 3
SW 2
W 1
___ I N W1
Sanhsia Group and its equivalents
NE 2
E 3
SE 3
S 3
SW 2
W 1
NW 1
To determine the dependency of topographical and geological variables, the normalized
difference method is introduced for evaluation. The procedure to determine the
dependence on aspect, the topography factor, and on the geological unit contributing to
landslide occurrence is as follows.
The percentage of each aspect area found in certain geological unit is determined
(Equation 4.2). The result is presented in Table 4.12.
.- Aspect area in certain geological unit
Area of certain geological unit
(Equation. 4.2)
The percentage of landslide area occurring in each aspect found in a certain geological
unit is determined for both typhoon paths (Equation 4.3). The percentage of landslide
area for the Northeastern typhoon path is determined by the Mindulle typhoon landslide
map and presented in Table 4.13. The percentage for the Northwestern typhoon path is
determined by the Sinlaku typhoon landslide map and presented in Table 4.14.
% of Landslide area in each aspect class
Landslide area in certain aspect for certain geologcial unit
Total landslide area for certain geological unit
(Equation 4.3)
Table 4.12 Percentage of aspect area in different geological units
Percentage of Aspect Area (%) Sum
Total North South South North
Formation Area flat North East South West
(kin 2) east east west west
Hsitsun Formation, Chiayang 38.088 0.00 10.62 18.82 8.79 2.94 3.78 22.48 21.89 10.68 100.00
Formation
Tachien Sandstone 53.229 0.00 10.72 12.59 3.74 3.64 10.92 24.14 20.90 13.34 100.00
Shihpachungchi Formation 54.688 0.00 13.97 10.61 3.96 4.07 15.17 20.98 19.05 12.18 100.00
Alluvium 15.872 0.40 16.33 8.85 3.53 2.00 3.06 15.74 27.59 22.49 100.00
Szeleng Sandstone, Meichi 17.717 0.00 10.09 8.21 1.73 3.08 8.69 26.37 24.38 17.45 100.00
Sandstone, Paileng Formation
Tatungshan Formation, Kangkou 15.732 0.00 11.28 7.90 1.35 4.04 9.72 18.28 26.28 21.15 100.00
Formation, Shuichangliu Formation
Terrace Deposits 5.261 0.00 13.94 22.22 17.35 6.97 3.41 12.75 12.08 11.29 100.00
Juifang Group and its equivalents 63.627 0.00 12.61 13.92 16.34 12.58 6.99 7.48 13.24 16.85 100.00
Sanhsia Group and its equivalents 181.103 0.02 14.97 20.95 20.67 13.68 6.87 4.88 7.33 10.63 100.00
Table 4.13 Percentage of 2004, Mindulle typhoon landslide area in each aspect class for given geological units
Percentage of landslide in each aspect (%) Sum
North South South North
Formation North East South West
east east west west
Classification 3 3 3 2 1 1 1 2
Hsitsun Formation, Chiayang 0.46 15.48 13.63 19.48 1.79 7.34 30.46 11.36 100.00Formation
Tachien Sandstone 1.52 7.75 1.81 2.40 8.62 49.90 16.95 11.06 100.00
Shihpachungchi Formation 4.74 9.55 8.59 4.17 12.62 26.87 18.69 14.78 100.00
Alluvium 0.00 0.00 29.74 35.69 0.00 0.00 9.55 25.02 100.00
Sandstone Paleng Formation 3.32 7.39 0.57 9.89 6.12 33.78 27.83 11.10 100.00
Tatungshan Formation, Kangkou 0.00 0.00 0.00 0.00 1.59 49.00 44.13 5.29 100.00Formation, Shuichangliu Formation
Terrace Deposits 0.00 9.84 8.75 0.00 0.68 60.33 20.41 0.00 100.00
Juifang Group and its equivalents 4.15 7.63 12.62 13.70 8.65 10.29 27.64 15.33 100.00
Sanhsia Group and its equivalents 0.98 12.40 35.67 26.10 4.42 8.94 9.04 2.44 100.00
Table 4.14 Percentage of 2008, Sinlaku typhoon landslide area in each aspect class for given geological units
Percentage of landslide in each aspect (%) Sum
North South South North
Formation North East South West
east east west west
Hsitsun Formation, Chiayang 0.00 10.98 39.45 0.00 0.06 48.23 1.27 0.00 100.00
Formation
Tachien Sandstone 0.14 1.25 1.20 2.33 63.89 24.09 6.90 0.19 100.00
Shihpachungchi Formation 3.63 6.73 3.36 9.58 54.71 17.66 3.63 0.70 100.00
Alluvium 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 100.00
Szeleng Sandstone, Meichi 0.00 8.30 0.00 14.63 34.19 31.74 7.57 3.57 100.00
Sandstone, Paileng Formation
Tatungshan Formation, Kangkou 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 100.00
Formation, Shuichangliu Formation
Terrace Deposits 0.00 98.45 0.90 0.00 0.00 0.00 0.00 0.65 100.00
Juifang Group and its equivalents 1.06 11.24 4.58 47.96 4.29 11.12 19.75 0.00 100.00
Sanhsia Group and its equivalents 0.24 17.82 36.41 34.37 2.52 6.29 2.18 0.16 100.00
The normalized differences between the percentage of landslide area in each aspect for
a given geological unit (Table 4.13,Table 4.14) and the percentage of each aspect area
in a given geological unit (Table 4.12) are determined. Equation 4.4 describes the
calculation of the normalized difference. The results for the Northeastern and
Northwestern typhoon paths are shown in Table 4.15 and Table 4.16 respectively.
Normalized difference between geology and landslides in each aspect
% of landslide in each aspect for certain geological unit - % of aspect f or certain geological unit
% of aspect for certain geological unit
(Equation 4.4)
Table 4.15 Normalized difference of landslide ratio in each aspect for given geological units in the Mindulle Typhoon
North South South North
Formation flat North East South West
east east west west
Hsitsun Formation, Chiayang -95.6 -17.8 55.1 563.5 -52.6 -67.4 39.2 6.4
Formation
Tachien Sandstone - -85.8 -38.5 -51.7 -34.2 -21.1 106.7 -18.9 -17.1
Shihpachungchi Formation - -66.1 -10.0 116.8 2.4 -16.8 28.1 -1.9 21.3
Alluvium -100.0 -100.0 -100.0 742.0 1685.9 -100.0 -100.0 -65.4 11.2
Szeleng Sandstone, Meichi -67.1 -10.0 -67.1 220.5 -29.6 28.1 14.2 -36.4
Sandstone, Paileng Formation
Tatungshan Formation,
Kangkou Formation, - -100.0 -100.0 -100.0 -100.0 -83.7 168.0 67.9 -75.0
Shuichangliu Formation
Terrace Deposits - -100.0 -55.7 -49.6 -100.0 -80.0 373.1 68.9 -100.0
Juifang Group and its - -67.1 -45.2 -22.8 8.9 23.8 37.5 108.8 -9.0
equivalents
Sanhsia Group and its -100.0 -93.4 -40.8 72.6 90.8 -35.6 83.3 23.3 -77.0
equivalents
Table 4.16 Normalized difference of landslide ratio in each aspect for given geological units in the Sinlaku Typhoon (Total landslide area)
Normalized Difference in North South South North
Sinlaku Typhoon flat North east East South Westeateast west west
Hsitsun Formation, Chiayang 
-100.0 
-41.7 349.0 -100.0 -98.3 114.5 
-94.2 -100.0Formation
Tachien Sandstone - -98.7 -90.1 -67.8 -36.1 484.8 -0.2 -67.0 -98.6
Shihpachungchi Formation - -74.0 -36.5 -15.3 135.4 260.7 -15.9 -80.9 -94.2
Alluvium -100.0 -100.0 -100.0 -100.0 4904.5 -100.0 -100.0 -100.0 -100.0
Szeleng Sandstone, Meichi
Sandstone, Paileng Formation - -100.0 1.1 -100.0 374.3 293.3 20.4 -69.0 -79.5
Tatungshan Formation,
Kangkou Formation, - -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 280.5 -100.0
Shuichangliu Formation
Terrace Deposits - -100.0 343.2 -94.8 -100.0 -100.0 -100.0 -100.0 -94.2
Juifang Group and its - -91.6 -19.2 -72.0 281.3 -38.6 48.5 49.2 -100.0equivalents
Sanhsia Group and its -100.0 
-98.4 -15.0 76.2 151.2 -63.3 29.0 -70.3 -98.5equivalentsIIIIII
In the normalized difference analyses, no value (symbol: "-") means no area is found in
the particular aspect class for a given geological unit. Moreover, in certain aspect
classes within a given geological unit, the value -100 means that there is no landslide in
this area, while the value zero (0) indicates that the area of landslides is as large as
expected; a positive value indicates a larger landslide area and a negative value implies
a smaller landslides area than expected in the particular aspect, given its percentage in a
certain geological unit.
During the Mindulle typhoon (Northeastern typhoon path), there were generally more
landslides than expected in Southeast, Southwest and West aspects in the particular
geological unit. This can be seen in Table 4.15 where there are positive values in 7 out
of 9 geological formations (geological units) in the Southwest aspect and 6 out of 9
formations in the Southeast aspect. Also, the highest positive values are associated with
Southeast and Southwest aspects.
During the Sinlaku typhoon (Northwestern typhoon path), although the positive
normalized difference values are distributed evenly in the Southeast, South, Southwest
aspects, the highest ones are mainly in Southeast and South aspects for given geological
units, which can be found in Table 4.16. It is also important to note the negative
normalized difference values. For the Mindulle typhoon, fewer landslides occurred
than expected in all geological units with Northeast and North aspects, while this
phenomenon is also found in the Sinlaku typhoon for Northwest and North aspects.
This corresponds to the earlier proposed aspect classification in Table 4.9, which
explained the relative positions of aspects and typhoon paths: there will be fewer
landslides occurring in aspect Class 1 than in Class 2 and 3.
According to the results presented in Table 4.15 and Table 4.16, a modified landslide
hazard classification for geological units based on different typhoon paths is proposed
and presented in Table 4.17 and Table 4.18.
If the normalized difference is lower than -60, the geological class is modified to a
lower class from the original geological classification. On the other hand, the
geological class is modified to a higher class when the normalized difference is higher
than +90. When the normalized difference is between -60 and +90, the geological
classification remains the same as the original ones. This reflects the fact that with
particular aspects, the aspect variable induces a significant increase of landslide for
certain geological units in the case when the normalized difference is larger than +90.
In contrast, for normalized difference smaller than -60, the aspect variable contributes
to a decrease of landslides, given the geological units. If the normalized difference is
equal to -100, it means that there is no landslide occurring in the aspect class for given
geological unit.
Even though there are some flat areas found in the Sanhsia Group Formation and
Alluvium, no landslide is observed in flat areas. Therefore, the flat aspect is not
considered in the normalized difference analysis.
Table 4.17 Modified classification of landslide hazard (Mindulle Typhoon)
(Geological Class is derived from Table 4.6; Aspect Class is derived from Table 4.8)
Geology Aspect Normalized Aspect Modified
Class Difference Class Class
SW -67.4 3 4
S -52.6 3 5
W 39.2 3 5
Hsitsun Formation, NW 6.4 2 5
Chiayang 5
Formation SE 563.5 2 6
NE -17.8 1 5
N -95.6 1 4
E 55.1 1 5
SW 106.7 3 5
S -21.1 3 4
W -18.9 3 4
NW -17.1 2 4
Tachien Sandstone 4
SE -34.2 2 4
NE -38.5 1 4
N -85.8 1 3
E -51.7 1 4
SW 28.1 3 3
S -16.8 3 3
Shihpachungchi 3 W -1.9 3 3
Formation NW 21.3 2 3
SE 2.4 2 3
NE -10.0 1 3
Szeleng Sandstone,
Meichi Sandstone,
Paileng Formation
Terrace Deposits
Sanhsia Group and
its equivalents
4 4
i 4
N -66.1 1 2
E 116.8 1 4
SW 28.1
S -29.6 3 3
W 14.2 3 3
NW -36.4 2 3
SE 220.5 2 4
NE -10.0 1 3
N -67.1 1 2
E -67.1 1 2
SW 373.1
S -80.0 3 2
W 68.9 3 3
NW -100 2 2
SE -100 2 2
NE -55.7 1 3
N -100 1 2
E -49.6 1 3
SW 83.3
S -35.6 3 3
W 23.3 3 3
NW -77.0 2 2
SE 90.8 2 4
NE -40.8 1 3
N -93.4 1 2
Tatungshan
Formation,
Kangkou
Formation,
Shuichangliu
Formation
Alluvium
Juifang Group and
its equivalents
I I E 72.6 1 3
SW 168.0
S -83.7 3 1
W 67.9 3 2
NW -75.0 2 1
SE -100 2 1
NE -100 1 1
N -100 1 1
E -100 1 1
it
SW -100
S -100 3 0
W -65.4 3 0
NW 11.2 2 1
SE 1685.9 2 3
NE -100 1 0
N -100 1 0
E 742.0 1 2
SW 37.5
S 23.8 3 1
W 108.8 3 2
NW -9.0 2 1
SE 8.9 2 1
NE -45.2 1 1
N -67.1 1 0
E -22.8 1 1
Table 4.18 Modified classification of landslide hazard (Sinlaku Typhoon)
(Geological Class is derived from Table 4.6; Aspect Class is derived from Table 4.9)
Formation Geology Aspect Normalized Aspect Modified
Class Difference Class Class
SE -100 3 4
S -98.3 3 4
E 349 3 6
Hsitsun Formation, NE -41.7 2 5
Chiayang 5
Formation SW 114.5 2 6
NW -100 1 4
N -100 1 4
W -94.2 1 4
SE -36.1 3 4
S 484.8 3 5
E -67.8 3 3
NE -90.1 2 3
Tachien Sandstone 4
SW -0.2 2 4
NW -98.6 1 3
N -98.7 1 3
W -67.0 1 3
SE 135.4 3 4
S 260.7 3 4
Shihpachungchi 3E -15.3 3 3
Formation NE -36.6 2 3
SW -15.9 2 3
NW -94.2 1 2
Szeleng Sandstone,
Meichi Sandstone,
Paileng Formation
Terrace Deposits
Sanhsia Group and
its equivalents
N -74.0 1 2
W -80.9 1 2
SE 374.3
S 293.3 3 4
E -100 3 2
NE 1.1 2 3
SW 20.4 2 3
NW -79.5 1 2
N -100 1 2
W -69.0 1 2
t 1-
1
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S -100 3 2
E -94.8 3 2
NE 343.2 2 4
SW -100 2 2
NW -94.2 1 2
N -100 1 2
W -100 1 2
SE 151.2
S -63.3 3 2
E 76.2 3 3
NE -15.0 2 3
SW 29.0 2 3
NW -98.5 1 2
N -98.4 1 2
SE
Tatungshan
Formation,
Kangkou
Formation,
Shuichangliu
Formation
Alluvium
Juifang Group and
its equivalents
4. i
I 4
-70.3 2
SE -100
S -100 3 1
E -100 3 1
NE -100 2 1
SW -100 2 1
NW -100 1 1
N -100 1 1
W 280.5 1 3
SE 4905
S -100 3 0
E -100 3 0
NE -100 2 0
SW -100 2 0
NW -100 1 0
N -100 1 0
w -100 1 0
SE 281.3
S -38.6 3 1
E -72.0 3 0
NE -19.2 2 1
SW 48.5 2 1
NW -100 1 0
N -91.6 1 0
W 49.2 1 1
2-70.3
4.2.4 Slope Gradient
Five slope classifications are proposed in Table 4.19. Under many circumstances, steep
slopes are more likely to trigger landslides. The reason is that for steeper slopes, the
greater the component of gravitational force (defined as driving force in equilibrium
calculation.) Moreover, the water runoff velocity and the erosion rate are increased with
steeper slopes. Hence, it is essential to take the slope into consideration as a
topographical factor. This is concluded as influential factor in Section 4.2.5.
Table 4.19 Slope classification
Slope (degree) Class Area(km 2) Percentage (%)
0*~10* 1 32.1 7.2
10*~20* 2 42.6 9.6
20*~30* 3 100.4 22.6
30*~40* 4 161.9 36.4
>400 5 108.3 24.3
Total 445.3 100.0
4.2.5 Rainfall-induced Landslide Hazard Rating System
The rainfall-induced landslide hazard rating chart is proposed in Table 4.20, based on
the combination of the results of landslide hazard rating classification from geological
units and aspects in the modified landslide hazard classification (Table 4.17, Table
4.18), plus the slope gradient classification (Table 4.19). For each specific
classification of the modified geological class and slope class, an increment of 2 in
hazard rating is assigned. This range of 2 is possible to have more specific evaluations
of the site if the users differentiate the hazard further.
Table 4.20 Proposed Rainfall-induced Landslide Hazard Rating chart
Modified Slope Landslide Hazard Modified Slope Landslide Hazard
Geological Class Rating Geological Class Rating
Class Class
6 5 99-98 1 5 49-48
4 97-96 4 47-46
3 95-94 3 45-44
2 93-92 2 4342
1 91-90 1 41-40
5 5 89-88 0 5 39-38
4 87-86 4 37-36
3 85-84 3 35-34
2 83-82 2 33-32
1 81-80 1 31-30
4 5 79-78
4 77-76
3 75-74
2 73-72
1 71-70
3 5 69-68
4 67-66
3 65-64
2 63-62
1 61-60
2 5 59-58
4 57-56
3 55-54
2 53-52
1 51-50
4.3 Landslide Hazard Rating Analysis for New and Reoccurring Landslides
To investigate the new and reoccurring landslides, two landslide maps, from the
Mindulle and Sinlaku typhoons, are used. The new and reoccurring landslides are
distinguished by overlaying the Mindulle typhoon landslide map to the Sinlaku
typhoon landslide map. The reoccurring landslide areas are those areas where
landslides took place during the Mindulle typhoon and the Sinlaku typhoon.
Furthermore, the new landslides areas are the areas where landslides occurred only
during the Sinlaku typhoon, meaning no landslides were observed during the Mindulle
typhoon.
It is worth noting that two possible assumptions of landslide behavior, with regard to
new and reoccurring landslides, can be made:
a. The two typhoon events are independent
The first assumption is that the time interval between these two typhoon events is so
long that landslide occurrence in these two typhoon events do not affect each other.
Therefore, an updating process of the landslide hazard classification system can be
established by considering the differences between two typhoon events, which also
represents landslide transition characteristics (which represents the change of behavior
of a landslide in the subsequent typhoon events).
b. Two events are dependent
The second assumption implies that landslides occurring in the second typhoon event
are affected by the previous (history) typhoon events. Under this assumption, landsides
in the second typhoon event can be divided into two groups: new landslides and
reactivated (reoccurring) landslides. Consequently, the reoccurring landslide ratio can
be introduced as a new factor in the updated landslide hazard classification system.
One of the interests in this study is to explore the landslide hazard rating system based
on different typhoon paths. Therefore, the typhoon history factor is not taken into
consideration, since it is more essential to categorize rainfall-induced landslide events
according to different typhoon paths and compare the differences. Nevertheless, for a
long-term view, it is possible to update and refine the landslide hazard rating system by
adding more variables, such as the landslide transition characteristics, showing the
transition change of the landslides behavior between the subsequent typhoon events.
Although it may seem to be a conflict between these two assumptions, it is actually a
complementary piece of information in improving landslide hazard rating system.
Hence, total landslide area (Table 4.14), new landslide area (Table 4.21), and
reoccurring landslide area (Table 4.22) in the Sinlaku Typhoon are investigated in this
study.
Table 4.21 Percentage of Sinlaku Typhoon new landslide area in each aspect class for given geological units
Percentage of new landslides area in each aspect class (%) Sum
North South South North
flat North East South West
east east west west
Hsitsun Formation, Chiayang 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00
Formation
Tachien Sandstone 0.00 0.00 0.00 13.98 10.45 51.73 13.86 4.14 5.85 100.00
Shihpachungchi Formation 0.00 1.11 0.76 0.47 20.24 53.18 10.68 11.56 2.00 100.00
Alluvium 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 100.00
Szeleng Sandstone, Meichi 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 100.00
Sandstone, Paileng Formation
Tatungshan Formation, Kangkou 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Formation, Shuichangliu Formation
Terrace Deposits 0.00 0.00 0.00 57.93 0.00 0.00 0.00 0.00 42.07 100.00
Juifang Group and its equivalents 0.00 0.00 6.05 14.53 0.00 0.00 22.13 57.29 0.00 100.00
Sanhsia Group and its equivalents 0.00 1.78 25.97 40.70 22.71 4.04 3.51 0.00 1.30 100.00
Table 4.22 Percentage of Sinlaku typhoon reoccurring landslide area in each aspect class for given geological units
Percentage of reoccurring landslides area in each aspect class (%) Sum
North South South North
flat North East South West
east east west west
Hsitsun Formation, Chiayang 0.00 0.00 10.52 39.66 0.00 0.06 48.48 1.28 0.00 100.00Formation
Tachien Sandstone 0.00 0.14 1.29 0.77 2.05 64.30 24.44 7.00 0.00 100.00
Shihpachungchi Formation 0.00 4.36 8.46 4.19 6.50 55.15 19.67 1.34 0.33 100.00
Alluvium 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Szeleng Sandstone, Meichi
Sandstone, Paileng Formation 0.00 0.00 8.44 0.00 14.86 33.13 32.26 7.69 3.63 100.00
Tatungshan Formation, Kangkou
Formation, Shuichangliu Formation 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00.00 0.00 100.00
Terrace Deposits 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00
Juifang Group and its equivalents 0.00 1.55 13.63 0.00 70.03 6.26 6.05 2.48 0.00 100.00
Sanhsia Group and its equivalents 0.00 0.03 16.68 35.81 36.00 2.31 6.68 2.48 0.00 100.00
The percentage of reoccurring landslide area during the Sinlaku typhoon with each
aspect is presented in Table 4.22, while the percentage of new landslide area is
presented in Table 4.21.
The normalized difference method used in the previous analysis, which determines the
dependency of aspect on the geological units, is applied to understand the landslide
hazard of new and reoccurring landslides in the Chenyulan River basin. The results are
shown in Table 4.23 (new landslides) and Table 4.24 (reoccurring landslides).
For new landslide analyses during the Sinlaku typhoon, the landslide area is larger than
expected in the Tachien Sandstone, Shihpachungchi Formation and Alluvium, since the
highest positive normalized difference values were found in these formations,
particularly with Southeast aspect in Table 4.23. It is possible to say that new landslides
are more likely to occur in these three formations. Moreover, unlike the new landslides,
we can only see the highest positive values in reoccurring landslides in one or two
aspects in a given geology. For instance, in the Terrace Deposits, the normalized
difference value exceeds 200 only with the Northeast aspect, showing a value of 350.1
in Table 4.24.
Another noteworthy fact is that from the normalized difference analysis for new
landslides (Table 4.23), there are several formations under which new landslides
occurred on only one aspect, such as the northeastern aspect in the Chiayang Formation
(normalized difference: 431.2), the southern aspect in the Paileng Formation
(normalized difference: 1050.5), and the southeastern aspect in the Alluvium
(normalized difference: 4904.5). At the same time, this phenomenon can also be
observed in normalized difference analysis for reoccurring landslide (Table 4.24):
reoccurring landslides only occurred on the western aspect in the Shuichangliu
Formation (normalized difference: 280.5), and the northeastern aspect in the Terrace
Deposits (normalized difference: 350.1).
The results provide observations of landslide behavior, but are lack of clear relationship
between occurrences of new/reoccurring landslides and geological/topographical
factors. This may be improved by introducing statistical models, such as Logistic
regression model, to investigate deeper in this topic. Moreover, the relationship
between new and reoccurring landslides, geology and aspects can be further determined
if more landslide maps from following typhoon events are available.
Table 4.23 Normalized difference of landslide ratio in each aspect for a given geological unit in Sinlaku Typhoon (New landslide area)
North South South Northflat North East South West
east east west west
Hsitsun Formation, Chiayang 
- -100.0 431.2 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0Formation
Tachien Sandstone - -100.0 -100.0 273.4 186.7 373.6 -42.6 -80.2 -56.2
Shihpachungchi Formation - -92.1 -92.8 -88.1 397.4 250.6 -49.1 -39.3 -83.6
Alluvium -100.0 -100.0 -100.0 -100.0 4904.5 -100.0 -100.0 -100.0 -100.0
Szeleng Sandstone, Meichi - -100.0 -100.0 -100.0 -100.0 1050.5 -100.0 -100.0 -100.0
Sandstone, Paileng Formation
Tatungshan Formation,
Kangkou Formation, - -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0
Shuichangliu Formation
Terrace Deposits - -100.0 -100.0 234.0 -100.0 -100.0 -100.0 -100.0 272.6
JuifangGroupandits 
- -100.0 -56.5 -11.1 -100.0 -100.0 195.8 332.7 -100.0equivalents
Sanhsia Group and its -100.0 -88.1 23.9 96.9 66.0 
-41.3 -28.1 -100.0 -87.8equivalentsIIIIIIIII
Table 4.24 Normalized difference of landslide ratio in each aspect for a given geological unit in Sinlaku Typhoon (Reoccurring landslide area)
North South South North
flat North East South West
east east west west
Hsitsun Formation, Chiayang -100.0 -44.1 351.3 -100.0 -98.3 115.7 -94.2 -100.0
Formation
Tachien Sandstone - -98.6 -89.7 -79.5 -43.7 488.6 1.2 -66.5 -100.0
Shihpachungchi Formation - -68.8 -20.3 5.8 59.7 263.6 -6.2 -92.9 -97.3
Alluvium -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0
Szeleng Sandstone, Meichi -100.0 2.7 -100.0 381.9 281.2 22.3 -68.5 -79.2
Sandstone, Paileng Formation
Tatungshan Formation,
Kangkou Formation, - -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 280.5 -100.0
Shuichangliu Formation
Terrace Deposits - -100.0 350.1 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0
Juifang Group and its - -87.7 -2.0 -100.0 456.8 -10.3 -19.2 -81.3 -100.0
equivalents
Sanhsia Group and its -100.0 -99.8 -20.4 73.3 163.1 -66.4 36.9 -66.1 -100.0
equivalents
Based on the result presented in Table 4.23 and Table 4.24, modified landslide hazard
classifications for geological units relating to new and reoccurring landslides are
proposed and presented in Table 4.25 and Table 4.26.
The proposed process for modification is the same as in the modified landslide hazard
classification under different typhoon paths: the geological class is modified to a lower
class when the normalized difference is lower than -60, while the geological class is
modified to a higher class when the normalized difference is higher than +90. When the
normalized difference is between -60 to +90, the geological classification remains the
same.
Table 4.25 Modified classification of landslide hazard (New landslides in Sinlaku
Typhoon)
Geology Aspect Normalized Aspect Modified
Formation Class
Class Difference Class
SE -100.0 3 4
S -100.0 3 4
E -100.0 3 4
Hsitsun Formation, NE 431.2 2 6
Chiayang 5
Formation SW -100.0 2 4
NW -100.0 1 4
N -100.0 1 4
W -100.0 1 4
SE 186.7 3 5
S 373.6 3 5
E 273.4 3 5
Tachien Sandstone 4 NE -100.0 2 3
SW -42.6 2 4
NW -56.2 1 4
N -100.0 1 3
Shihpachungchi
Formation
Szeleng Sandstone,
Meichi Sandstone,
Paileng Formation
-80.2
SE 397.4
S 250.6 3 4
E -88.1 3 2
NE -92.8 2 2
SW -49.1 2 3
NW -83.6 1 2
N -92.1 1 2
-39.3
SE -100.0
S 1050.5 3 4
E -100.0 3 2
NE -100.0 2 2
SW -100.0 2 2
NW -100.0 1 2
N -100.0 1 2
-100.0
Terrace Deposits 3 SE -100.0 3 2
Sanhsia Group and
its equivalents
-100.0
E 234.0 3 4
NE -100.0 2 2
SW -100.0 2 2
NW 272.6 1 4
N -100.0 1 2
-100.0
SE 66.0
S -41.3 3 3
E 96.9 3 4
NE 23.9 2 3
SW -28.1 2 3
NW -87.8 1 2
N -88.1 1 2
-100.0
Tatungshan SE -100.0 3
Formation,
Kangkou 2 S -100.0 3
Formation,
Shuichangliu E -100.0 3
Formation
100
Alluvium
Juifang Group and
its equivalents
SW -100.0 2 1
NW -100.0 1 1
N -100.0 1 1
-100.0
SE 4904.5
S -100.0 3 0
E -100.0 3 0
NE -100.0 2 0
SW -100.0 2 0
NW -100.0 1 0
N -100.0 1 0
-100.0
SE -100.0
S -100.0 3 0
E -11.1 3 1
NE -56.5 2 1
SW 195.8
101
NE -100.0
N -100.0 1 0
332.7
102
-100.0NW
Table 4.26 Modified classification of landslide hazard (Reoccurring landslides in
Sinlaku Typhoon)
Geology Aspect Normalized Aspect Modified
Formation Class
Class Difference Class
SE -100 3 4
S -98.3 3 4
E 351.3 3 6
Hsitsun Formation, NE -44.1 2 5
Chiayang 5
Formation SW 115.7 2 6
NW -100.0 1 4
N -100.0 1 4
W -94.2 1 4
SE -43.7 3 4
S 488.6 3 5
E -79.5 3 3
Tachien Sandstone 4 NE -89.7 2 3
SW 1.2 2 4
NW -100.0 1 3
N -98.6 1 3
103
Shihpachungchi
Formation
Szeleng Sandstone,
Meichi Sandstone,
Paileng Formation
-66.5
SE 59.7
S 263.6 3 4
E 5.8 3 3
NE -20.3 2 3
SW -6.2 2 3
NW -97.3 1 2
N -68.8 1 2
-92.9
381.9SE
S 281.2 3 4
E -100.0 3 2
NE 2.7 2 3
SW 22.3 2 3
NW -79.2 1 2
N -100.0 1 2
-68.5
104
Terrace Deposits 3 SE -100.0 3 2
Sanhsia Group and
its equivalents
-100.0
E -100.0 3 2
NE 350.1 2 4
SW -100.0 2 2
NW -100.0 1 2
N -100.0 1 2
-100.0
SE 163.1
S -66.4 3 2
E 73.3 3 3
NE -20.4 2 3
SW 36.9 2 3
NW -100.0 1 2
N -99.8 1 2
-66.1
Tatungshan SE -100.0 3 1
Formation,
Kangkou 2 S -100.0 3 1
Formation,
Shuichangliu E -100.0 3 1
Formation
105
____________ 1. 1
Alluvium
Juifang Group and
its equivalents
SW -100.0 2 1
NW -100.0 1 1
N -100.0 1 1
280.5
-100.0
S -100.0 3 0
E -100.0 3 0
NE -100.0 2 0
SW -100.0 2 0
NW -100.0 1 0
N -100.0 1 0
-100.0
456.8
S -10.3 3 1
E -100.0 3 0
NE -2.0 2 1
SW -19.2
106
I I
NE -100.0
-100.0
N -87.7 1 0
-81.3 0
107
NW
4.4 Application on Landslide Risk Management System
As the increase of population and development in the slope area of Taiwan and the
threats of natural disasters, such as earthquakes and typhoons, the landslides have
occurred more frequently in recent year. Therefore, it is vital and urgent to establish
landslide alarm system to control the damage brought by landslides. Although the
Landslide Alarm System is not the main point of this thesis, the rainfall analysis and
landslide hazard analysis discussed in previous chapters can be integrated into this
system. The concept of the landslide alarm system is proposed based on the previous
analyses regarding rainfall and landslides. The flow chart of this landslide alarm system
is presented in Figure 4.9.
Rainfall record collection Rainfall- induced landslide map
Rainfall distribution analysis/ Rainfall-induced landslide hazard
Climate Forecast rating system
Rainfall-induced landslide risk management system
Rainfall-induced landslide alarm system
Figure 4.9 Flow chart of the Landslide Alarm System
One of the foundations of this proposed Landslide Alarm System is that the rainfall
analysis is included, in which the rainfall distribution is investigated based on the
rainfall records in the study area. This rainfall analysis provides the prediction of
rainfall amount and distribution according to different typhoon paths, which is taken as
a trigger in rainfall-induced landslides. The threshold of the rainfall amount is defined
as the sufficient amount to trigger landslides in this region; if the threshold is
determined, the rainfall prediction can therefore be viewed as the early warning of
landslide occurrence. Secondly, the rainfall-induced landslide hazard rating system is
constituted of geometric and topographic features, which represent the probability of
landslide occurrence during the rainfall events.
The advantage of this Landslide Alarm System includes not only the probability of
landslide occurrence by investigating the regional characterizations, but also the
rainfall prediction by featuring rainfall distribution.
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4.5 Possible Refinement
In this study, a Landslide Hazard Rating System focused on rainfall-induced landslides
is developed. It is notable that this Landslide Hazard Rating System is extendable and
able to be refined for different purposes. Several possible refinements are listed in this
section.
1. In terms of probability of landslide occurrence, statistical models, such as logistic
regression model, can be taken into account. Three topographical characterizations
(geology, aspects and slopes) are viewed as the fixed factors, while rainfall
characterizations (Maximum rainfall intensity and Total rainfall) become variables.
2. In the rainfall analysis, more typhoon parameters can be adopted, which provides
more insights in examining rainfall characterizations in a typhoon event. The
typhoon frequency analysis can also be considered, which allows one to understand
the potential hazard in weather forecasting. Moreover, the computer models used to
simulate the rainfall distribution in an area, serve as references when rainfall station
record is not available, and enhance the accuracy of prediction. Lastly, the typhoon
paths can be further categorized into more than three groups, featuring the
complexity of rainfall distribution phenomena during typhoon events.
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Chapter 5. Conclusions
A rainfall analysis and landslide hazard rating system focused on rainfall-induced
landslides are developed in this study. The rainfall and landslide analyses are based on
systematic analyses of available data and records of rainfall and landslides in the
Chenyulan River basin in Taiwan.
In the first part of the study, rainfall distribution is investigated based on different
typhoon paths. Furthermore, a landslide frequency approach and the normalized
difference method are adopted to evaluate landslide hazard for given geological and
aspect conditions. The results provide a landslide hazard classification for different
typhoon paths in this study area. Conclusions can be summarized as follows:
1. Rainfall is the main trigger of landslides in the Chenyulan River basin. Typhoons
usually bring a great amount of rainfall, which often exceed the amount of rainfall
enough to trigger landslides. The rainfall induces rises in the groundwater table,
which result in increase of pore water pressures. As the pore water pressure
increases, the shearing resistance in the slope decreases.
2. Rainfall is associated with the landslide occurrence in this study. Although the
cause-effect relationship is not entirely clear (due to the lack of geotechnical test
data for analysis), it is sufficient to indicate that rainfall is related to the landslide
occurrence. In particular, massive landslides usually occur during or after a typhoon
event.
3. Rainfall distribution is influenced greatly by the directions of typhoon paths. The
variation in the topography, which is reflected by aspect and slope, results in a wide
range of rainfall records over the study area because of the climate-topographic
interaction. Moreover, when typhoons move in different directions, the rainfall
distribution alters significantly: this indirectly influences the probability of
landslide occurrence.
4. The normalized difference method is capable of evaluating the rainfall-induced
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landslides when the landslide hazard is rated according to different typhoon paths.
This method provides a quick and simple solution to estimate landslide hazard in a
region. A Landslide Hazard Rating System is developed, which includes three
factors: geological formation, aspect, and slope gradient.
5. The concept of a Landslide Risk Management System is also proposed by
integrating the rainfall analysis and the rainfall-induced landslide hazard analysis.
The advantage of this system is that not only the rainfall distribution, but also the
topographic features are taken into consideration. Moreover, this Landslide Risk
Management System is extendable to other areas and consideration of other factors.
Ultimately, it is this author's hope to develop a useful and simple system to evaluate the
landslide hazard during a typhoon event. This system will help mitigate the impact of
rainfall-induced landslides and provide a rational foundation for decision making in
planning. It is also notable that this system can be further extended in future studies. By
understanding the causal factors of rainfall-induced landslides, a Landslide Hazard
Rating System is established. This is particularly vital when Taiwan is facing
intensifying climate change, combined with the pressure from soaring population and
overuse of land.
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Average rainfall records from nine rainfall stations for Northwestern typhoon path (Figure 4.6 a)
No. or Averaged Max. Averaged Max
Station Typhoon Year 24-hr Rainfall intensity Averaged Total
Records accumulated Rainfall (mm)
rainfall (mm)
C0H9A 21 2002-2008 207.62 25.62 276.98
C1130 21 2002-2008 131.83 22.02 154.12
C1I34 21 2002-2008 154.00 19.76 197.29
C1I35 21 2002-2008 141.57 19.14 176.48
C1106 21 2002-2008 193.29 24.14 239.43
C1I29 21 2002-2008 137.33 20.38 168.26
C1I08 21 2002-2008 134.93 20.26 161.21
C1107 21 2002-2008 138.14 21.43 169.57
C1M44 21 2002-2008 177.88 20.55 277.19
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Average rainfall records from nine rainfall stations for Western typhoon path (Figure 4.6 b)
No. or Averaged Max. Averaged Max
Station Typhoon Year accumulated Rainfall intensity Rainfall (mm)
Records rainfall (mm)
COH9A 14 2002-2008 140.68 18.61 195.86
C1130 14 2002~2008 71.18 18.11 95.46
C1134 14 2002-2008 98.86 13.79 140.57
C1I35 14 2002-2008 100.79 15.18 141.93
C1I06 14 2002-2008 127.39 20.61 177.43
C1129 14 2002-2008 77.96 12.43 109.82
C1108 14 2002-2008 73.00 13.07 99.71
C1107 14 2002-2008 83.14 13.21 118.46
C1M44 14 2002-2008 130.82 15.79 190.04
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Average rainfall records from nine rainfall stations for Northeastern typhoon path (Figure 4.6 c)
No. or Averaged Max. Averaged Max
Station Typhoon Year 24-hr Rainfall intensity Averaged (mal
Records ~accumulated m/rRanll( )
rainfall (mm)
COH9A 11 2002-2008 90.36 15.36 174.64
C1130 11 2002-2008 50.41 12.27 86.91
C1134 11 2002-2008 67.77 13.68 134.09
C1I35 11 2002-2008 62.77 13.14 114.32
C1106 11 2002-2008 79.50 20.64 143.59
C1I29 11 2002-2008 56.91 15.00 96.55
C1108 11 2002-2008 54.41 14.55 96.32
C1107 11 2002-2008 59.86 13.86 120.50
C1M44 11 2002-2008 89.95 12.95 147.77
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Categories of typhoon path for 46 typhoons from the year 2002 to 2008
Year Date Typhoon Name Direction
2008 09/26-09/29 JANGMI Northwest
2008 09/21~09/23 HAGUPIT West
2008 09/11-09/16 SINLAKU Northwest
2008 08/19~08/21 NURI West
2008 07/26-07/29 FUNG-WONG West
2008 07/16-07/18 KALMAEGI Northwest
2007 11/26-11/27 MITAG Northwest
2007 10/04-10/07 KROSA Northwest
2007 09/17-09/19 WIPHA Northwest
2007 08/16~08/19 SEPAT Northwest
2007 08/08~08/09 WUTIP Northwest
2007 08/06-08/08 PABUK West
2006 09/14~09/16 SHANSHAN North
2006 08/07-08/09 BOPHA West
2006 07/23-07/26 KAEMI Northwest
2006 07/12~07/15 BILIS Northwest
2006 07/07-07/09 EWINIAR North
2006 05/16~05/18 CHANCHU North
2005 09/30-10/03 LONGWANG West
2005 09/21~09/23 DAMREY West
2005 09/09-09/11 KHANUN Northwest
2005 08/30-09/01 TALIM West
2005 08/11-08/13 SANVU Northwest
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2005 08/03-08/06 MATSA Northwest
2005 07/16-07/20 HAITANG West
2004 12/03-12/04 NANMADOL Northwest
2004 10/23-10/26 NOCK-TEN Northwest
2004 09/26-09/27 MEARI Northwest
2004 09/11~09/13 HAIMA North
2004 08/23~08/26 AERE West
2004 08/10-08/13 RANANIM Northwest
2004 07/14-07/15 KOMPASU West
2004 06/28-07/03 MINDULLE North
2004 06/07-06/09 CONSON Northeast
2003 11/02-11/03 MELOR Northeast
2003 08/31-09/02 DUJUAN West
2003 08/22-08/23 KROVANH West
2003 08/19-08/20 VAMCO Northwest
2003 08/02-08/04 MORAKOT Northwest
2003 07/21-07/23 IMBUDO Northwest
2003 06/16-06/18 SOUDELOR North
2003 06/01-06/03 NANGKA Northeast
2003 04/21-04/24 KUJIRA North
2002 09/04-09/08 SINLAKU West
2002 07/09~07/10 NAKRI Northeast
2002 07/02-07/04 RAMMASUN Northwest
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Rainfall parameters of 46 typhoons investigated at the rainfall station COH9A
Year Date Typhoon Name Max 24 hr Max Total
accumulate intensity Rainfall
2008 09/26-09/29 JANGMI 495.0 46.5 595.5
2008 09/21-09/23 HAGUPIT 2.5 1.0 3.0
2008 09/11-09/16 SINLAKU 664.5 41.0 1079.5
2008 08/19-08/21 NURI 1.0 0.5 2.0
2008 07/26-07/29 FUNG-WONG 356.5 40.5 406.5
2008 07/16-07/18 KALMAEGI 527.5 77.0 573.0
2007 11/26-11/27 MITAG 19.5 4.0 19.0
2007 10/04-10/07 KROSA 693.5 74.0 771.0
2007 09/17-09/19 WIPHA 190.5 20.5 199.5
2007 08/16-08/19 SEPAT 270.5 24.0 594.0
2007 08/08-08/09 WUTIP 254.0 29.5 355.0
2007 08/06-08/08 PABUK 26.5 8.0 32.0
2006 09/14-09/16 SHANSHAN 46.5 10.0 46.5
2006 08/07-08/09 BOPHA 54.5 18.5 53.5
2006 07/23-07/26 KAEMI 64.5 10.5 68.5
2006 07/12-07/15 BILIS 306.5 27.0 570.0
2006 07/07-07/09 EWINIAR 91.5 27.0 128.5
2006 05/16-05/18 CHANCHU 48.5 25.5 179.5
2005 09/30-10/03 LONGWANG 126.0 29.0 123.5
2005 09/21-09/23 DAMREY 10.0 2.0 8.0
2005 09/09-09/11 KHANUN 2.0 1.5 3.5
2005 08/30-09/01 TALIM 427.0 43.0 456.5
2005 08/11-08/13 SANVU 35.0 5.0 34.0
118
2005 08/03-08/06 MATSA 396.5 44.5 489.0
2005 07/16-07/20 HAITANG 481.0 37.5 926.0
2004 12/03-12/04 NANMADOL 109.0 18.5 115.5
2004 10/23-10/26 NOCK-TEN 4.5 2.0 6.5
2004 09/26-09/27 MEARI 6.0 3.5 6.0
2004 09/11-09/13 HAIMA 40.0 7.0 62.0
2004 08/23-08/26 AERE 368.0 37.0 590.0
2004 08/10-08/13 RANANIM 58.5 16.0 56.5
2004 07/14-07/15 KOMPASU 7.0 2.0 12.5
2004 06/28-07/03 MINDULLE 684.5 72.5 1424.5
2004 06/07-06/09 CONSON 25.5 10.5 24.0
2003 11/02-11/03 MELOR 5.5 1.0 6.5
2003 08/31-09/02 DUJUAN 64.5 6.5 65.5
2003 08/22-08/23 KROVANH 40.5 32.5 58.5
2003 08/19-08/20 VAMCO 86.5 69.0 109.0
2003 08/02-08/04 MORAKOT 33.5 6.0 30.5
2003 07/21-07/23 IMBUDO 0.5 0.5 0.5
2003 06/16-06/18 SOUDELOR 48.0 13.0 45.0
2003 06/01-06/03 NANGKA 1.5 1.5 1.5
2003 04/21-04/24 KUJIRA 2.5 1.0 3.0
2002 09/04-09/08 SINLAKU 4.5 2.5 4.5
2002 07/09-07/10 NAKRI 156.0 78.0 246.0
2002 07/02-07/04 RAMMASUN 142.0 17.5 140.5
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Rainfall parameters of 46 typhoons investigated at the rainfall station C1I30
Year Date Typhoon Max 24 hr Max Total
Name accumulate intensity Rainfall
2008 09/26-09/29 JANGMI 293.0 33.5 346.5
2008 09/21-09/23 HAGUPIT 30.0 25.0 30.0
2008 09/11-09/16 SINLAKU 413.5 32.5 559.0
2008 08/19-08/21 NURI 1.0 0.5 1.5
2008 07/26-07/29 FUNG-WONG 160.5 34.0 177.0
2008 07/16-07/18 KALMAEGI 321.5 61.5 335.0
2007 11/26-11/27 MITAG 18.5 3.5 16.0
2007 10/04-10/07 KROSA 230.0 30.5 240.5
2007 09/17-09/19 WIPHA 195.0 21.0 200.0
2007 08/16-08/19 SEPAT 122.5 20.0 217.5
2007 08/08-08/09 WUTIP 122.0 29.0 148.5
2007 08/06-08/08 PABUK 21.5 5.5 36.0
2006 09/14-09/16 SHANSHAN 21.0 5.0 21.0
2006 08/07-08/09 BOPHA 63.5 23.0 63.5
2006 07/23-07/26 KAEMI 23.5 4.5 23.5
2006 07/12-07/15 BILIS 158.5 16.0 243.5
2006 07/07-07/09 EWINIAR 83.5 19.0 95.5
2006 05/16-05/18 CHANCHU 28.5 6.0 42.0
2005 09/30-10/03 LONGWANG 62.5 24.5 61.5
2005 09/21-09/23 DAMREY 5.0 0.5 1.5
2005 09/09-09/11 KHANUN 7.5 4.5 11.0
2005 08/30-09/01 TALIM 112.0 14.5 114.5
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2005 08/11-08/13 SANVU 23.0 4.5 20.0
2005 08/03-08/06 MATSA 436.5 42.0 466.0
2005 07/16-07/20 HAITANG 188.0 25.5 361.0
2004 12/03~12/04 NANMADOL 91.0 12.0 94.0
2004 10/23-10/26 NOCK-TEN 4.5 1.5 5.5
2004 09/26-09/27 MEARI 0.0 0.0 0.0
2004 09/11-09/13 HAIMA 28.5 6.0 34.0
2004 08/23-08/26 AERE 278.5 68.5 416.0
2004 08/10-08/13 RANANIM 40.0 12.5 38.5
2004 07/14-07/15 KOMPASU 32.5 20.5 32.5
2004 06/28-07/03 MINDULLE 277.0 65.5 603.0
2004 06/07-06/09 CONSON 7.0 3.0 4.5
2003 11/02-11/03 MELOR 1.5 0.5 2.0
2003 08/31-09/02 DUJUAN 29.5 7.0 27.5
2003 08/22-08/23 KROVANH 11.5 4.0 13.5
2003 08/19-08/20 VAMCO 43.0 37.0 47.0
2003 08/02-08/04 MORAKOT 15.5 5.0 14.0
2003 07/21-07/23 IMBUDO 129.5 71.5 130.5
2003 06/16-06/18 SOUDELOR 33.0 7.0 29.5
2003 06/01-06/03 NANGKA 0.0 0.0 0.0
2003 04/21 -04/24 KUJIRA 0.5 0.5 0.5
2002 09/04-09/08 SINLAKU 0.5 0.5 0.5
2002 07/09-07/10 NAKRI 74.0 22.5 124.0
2002 07/02-07/04 RAMMASUN 80.0 20.0 80.0
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Rainfall parameters of 46 typhoons investigated at the rainfall station C1I34
Year Date Typhoon Max 24 hr Max Total
Name accumulate intensity Rainfall
2008 09/26-09/29 JANGMI 387.0 35.0 470.0
2008 09/21-09/23 HAGUPIT 2.5 1.0 2.5
2008 09/11-09/16 SINLAKU 498.5 42.0 770.5
2008 08/19-08/21 NURI 0.0 0.0 0.0
2008 07/26-07/29 FUNG-WONG 248.5 28.5 289.0
2008 07/16-07/18 KALMAEGI 472.5 65.5 497.0
2007 11/26-11/27 MITAG 14.5 3.5 12.5
2007 10/04~10/07 KROSA 482.5 59.5 523.5
2007 -09/17-09/19 WIPHA 142.0 22.5 144.0
2007 08/16-08/19 SEPAT 220.5 26.0 442.0
2007 08/08-08/09 WUTIP 163.5 20.0 214.5
2007 08/06-08/08 PABUK 24.0 8.0 29.0
2006 09/14-09/16 SHANSHAN 51.5 18.5 50.0
2006 08/07-08/09 BOPHA 42.0 11.0 40.5
2006 07/23-07/26 KAEMI 51.5 11.0 51.5
2006 07/12-07/15 BILIS 211.0 21.5 359.5
2006 07/07-07/09 EWINIAR 60.5 14.5 59.5
2006 05/16-05/18 CHANCHU 30.5 14.5 110.0
2005 09/30~10/03 LONGWANG 79.5 19.5 76.0
2005 09/21-09/23 DAMREY 8.0 2.0 6.0
2005 09/09~09/11 KHANUN 3.0 3.0 3.0
2005 08/30-09/01 TALIM 284.5 36.5 295.0
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2005 08/11-08/13 SANVU 41.5 5.5 38.5
2005 08/03-08/06 MATSA 331.5 30.5 391.5
2005 07/16-07/20 HAITANG 320.0 26.5 654.0
2004 12/03-12/04 NANMADOL 2.0 2.0 2.0
2004 10/23-10/26 NOCK-TEN 3.0 1.0 3.5
2004 09/26-09/27 MEARI 0.0 0.0 0.0
2004 09/11-09/13 HAIMA 28.0 4.5 38.0
2004 08/23-08/26 AERE 296.5 44.0 475.0
2004 08/10-08/13 RANANIM 39.5 16.5 36.5
2004 07/14-07/15 KOMPASU 13.0 5.5 25.5
2004 06/28-07/03 MINDULLE 495.5 69.0 1090.0
2004 06/07-06/09 CONSON 13.0 3.5 12.0
2003 11/02-11/03 MELOR 3.5 0.5 3.5
2003 08/31-09/02 DUJUAN 59.0 6.5 58.5
2003 08/22-08/23 KROVANH 6.5 4.0 17.0
2003 08/19-08/20 VAMCO 29.5 19.0 43.5
2003 08/02-08/04 MORAKOT 26.0 5.5 22.5
2003 07/21-07/23 IMBUDO 25.5 15.0 29.5
2003 06/16-06/18 SOUDELOR 26.5 10.5 23.5
2003 06/01-06/03 NANGKA 2.0 2.0 2.0
2003 04/21-04/24 KUJIRA 3.0 2.0 3.5
2002 09/04~09/08 SINLAKU 0.0 0.0 0.0
2002 07/09-07/10 NAKRI 31.5 11.0 83.0
2002 07/02-07/04 RAMMASUN 89.0 10.5 87.5
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Rainfall parameters of 46 typhoons investigated at the rainfall station C1135
Year Date Typhoon Max 24 hr Max Total
Name accumulate intensity Rainfall
2008 09/26-09/29 JANGMI 298.0 26.0 390.5
2008 09/21-09/23 HAGUPIT 15.5 3.0 12.0
2008 09/11-09/16 SINLAKU 310.5 24.5 519.5
2008 08/19-08/21 NURI 0.0 0.0 0.0
2008 07/26-07/29 FUNG-WONG 244.0 22.5 291.0
2008 07/16-07/18 KALMAEGI 424.0 63.0 438.0
2007 11/26-11/27 MITAG 20.0 3.5 22.0
2007 10/04-10/07 KROSA 322.0 37.5 352.0
2007 09/17-09/19 WIPHA 137.5 21.5 145.5
2007 08/16-08/19 SEPAT 277.0 38.0 441.5
2007 08/08-08/09 WUTIP 158.5 20.5 193.5
2007 08/06-08/08 PABUK 40.0 8.0 56.0
2006 09/14-09/16 SHANSHAN 32.0 6.5 29.0
2006 08/07-08/09 BOPHA 90.0 25.0 86.5
2006 07/23-07/26 KAEMI 87.0 17.0 96.5
2006 07/12-07/15 BILIS 154.0 25.5 267.0
2006 07/07-07/09 EWINIAR 45.5 13.5 85.0
2006 05/16-05/18 CHANCHU 36.5 10.0 104.0
2005 09/30-10/03 LONGWANG 94.0 19.5 92.0
2005 09/21-09/23 DAMREY 14.0 2.0 11.5
2005 09/09-09/11 KHANUN 4.0 1.0 4.0
2005 08/30-09/01 TALIM 253.5 32.5 268.0
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2005 08/11~08/13 SANVU 98.5 13.0 97.0
2005 08/03-08/06 MATSA 309.5 39.5 343.5
2005 07/16-07/20 HAITANG 213.5 21.5 536.0
2004 12/03-12/04 NANMADOL 134.5 18.5 146.0
2004 10/23~10/26 NOCK-TEN 3.0 1.5 5.0
2004 09/26-09/27 MEARI 0.0 0.0 0.0
2004 09/11-09/13 HAIMA 60.5 9.0 67.5
2004 08/23-08/26 AERE 309.0 51.0 479.0
2004 08/10-08/13 RANANIM 39.0 15.5 36.5
2004 07/14-07/15 KOMPASU 9.5 5.5 13.0
2004 06/28-07/03 MINDULLE 410.0 65.5 855.0
2004 06/07-06/09 CONSON 12.0 4.0 12.5
2003 11/02-11/03 MELOR 2.0 0.5 2.0
2003 08/31-09/02 DUJUAN 103.0 10.0 106.5
2003 08/22-08/23 KROVANH 24.0 11.5 34.5
2003 08/19-08/20 VAMCO 14.0 8.5 27.0
2003 08/02-08/04 MORAKOT 40.0 7.0 37.0
2003 07/21-07/23 IMBUDO 6.0 5.0 8.5
2003 06/16-06/18 SOUDELOR 53.5 13.5 51.0
2003 06/01-06/03 NANGKA 2.0 0.5 2.0
2003 04/21-04/24 KUJIRA 5.0 1.5 2.0
2002 09/04-09/08 SINLAKU 1.0 0.5 1.0
2002 07/09-07/10 NAKRI 31.5 20.0 47.5
2002 07/02-07/04 RAMMASUN 136.0 15.5 135.5
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Rainfall parameters of 46 typhoons investigated at the rainfall station C1I06
Year Date Typhoon Max 24 hr Max Total
Name accumulate intensity Rainfall
2008 09/26-09/29 JANGMI 431.5 51.0 514.5
2008 09/21-09/23 HAGUPIT 13.5 1.5 10.0
2008 09/11-09/16 SINLAKU 575.0 43.5 949.0
2008 08/19-08/21 NURI 4.5 3.5 5.0
2008 07/26-07/29 FUNG-WONG 265.5 37.0 313.5
2008 07/16-07/18 KALMAEGI 505.5 90.0 528.0
2007 11/26-11/27 MITAG 24.5 4.5 25.5
2007 10/04-10/07 KROSA 525.5 68.0 557.5
2007 09/17-09/19 WIPHA 252.0 29.0 262.0
2007 08/16~08/19 SEPAT 246.5 30.0 424.5
2007 08/08-08/09 WUTIP 141.5 19.5 178.0
2007 08/06-08/08 PABUK 47.0 6.5 61.0
2006 09/14~09/16 SHANSHAN 47.5 12.0 45.0
2006 08/07-08/09 BOPHA 48.5 11.0 46.5
2006 07/23-07/26 KAEMI 93.0 12.5 114.0
2006 07/12~07/15 BILIS 232.0 29.0 354.0
2006 07/07-07/09 EWINIAR 34.5 12.0 37.0
2006 05/16-05/18 CHANCHU 37.5 13.5 178.0
2005 09/30-10/03 LONGWANG 125.5 34.5 122.0
2005 09/21-09/23 DAMREY 22.5 4.5 20.0
2005 09/09-09/11 KHANUN 0.5 0.5 1.0
2005 08/30-09/01 TALIM 377.5 52.5 388.0
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2005 08/11-08/13 SANVU 64.0 6.5 64.0
2005 08/03-08/06 MATSA 498.0 37.5 561.0
2005 07/16-07/20 HAITANG 243.0 25.5 577.5
2004 12/03-12/04 NANMADOL 108.0 16.5 124.5
2004 10/23-10/26 NOCK-TEN 7.0 2.0 12.0
2004 09/26-09/27 MEARI 2.0 1.0 2.0
2004 09/11-09/13 HAIMA 88.0 9.5 98.0
2004 08/23-08/26 AERE 442.5 48.0 705.0
2004 08/10-08/13 RANANIM 59.5 14.5 56.5
2004 07/14-07/15 KOMPASU 7.5 4.0 13.5
2004 06/28-07/03 MINDULLE 435.5 82.5 895.0
2004 06/07-06/09 CONSON 24.0 8.5 35.0
2003 11/02-11/03 MELOR 10.0 2.0 10.0
2003 08/31-09/02 DUJUAN 127.5 14.5 138.5
2003 08/22-08/23 KROVANH 36.0 24.5 59.5
2003 08/19-08/20 VAMCO 18.5 6.0 21.0
2003 08/02-08/04 MORAKOT 40.5 9.0 38.0
2003 07/21-07/23 IMBUDO 16.5 7.0 21.5
2003 06/16-06/18 SOUDELOR 92.5 14.0 89.0
2003 06/01-06/03 NANGKA 5.0 2.5 5.0
2003 04/21-04/24 KUJIRA 10.0 5.5 12.5
2002 09/04-09/08 SINLAKU 22.5 21.0 24.0
2002 07/09-07/10 NAKRI 90.0 65.0 175.0
2002 07/02-07/04 RAMMASUN 217.5 29.5 219.5
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Rainfall parameters of 46 typhoons investigated at the rainfall station C1129
Year Date Typhoon Name Max 24 hr Max Totalaccumulate intensity Rainfall
2008 09/26-09/29 JANGMI 294.0 36.5 345.5
2008 09/21-09/23 HAGUPIT 0.5 0.5 0.5
2008 09/11-09/16 SINLAKU 412.0 36.0 635.5
2008 08/19-08/21 NURI 3.0 2.5 3.0
2008 07/26-07/29 FUNG-WONG 178.0 28.5 202.0
2008 07/16-07/18 KALMAEGI 372.0 66.0 383.5
2007 11/26-11/27 MITAG 16.5 3.5 14.0
2007 10/04-10/07 KROSA 315.5 52.5 330.5
2007 09/17-09/19 WIPHA 185.5 22.5 193.0
2007 08/16-08/19 SEPAT 193.5 38.0 328.5
2007 08/08-08/09 WUTIP 115.0 18.0 144.0
2007 08/06-08/08 PABUK 27.5 6.5 45.0
2006 09/14-09/16 SHANSHAN 28.5 5.5 27.0
2006 08/07-08/09 BOPHA 42.5 11.5 42.5
2006 07/23-07/26 KAEMI 52.0 14.5 56.5
2006 07/12~07/15 BILIS 187.0 22.5 298.5
2006 07/07-07/09 EWINIAR 63.0 25.0 68.0
2006 05/16-05/18 CHANCHU 29.0 5.5 65.0
2005 09/30-10/03 LONGWANG 41.0 9.5 37.5
2005 09/21-09/23 DAMREY 8.0 1.5 5.0
2005 09/09-09/11 KHANUN 9.5 4.0 12.5
2005 08/30-09/01 TALIM 209.0 20.5 214.5
2005 08/11-08/13 SANVU 31.5 5.5 28.5
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2005 08/03-08/06 MATSA 377.5 42.0 424.5
2005 07/16-07/20 HAITANG 186.5 16.5 413.5
2004 12/03-12/04 NANMADOL 100.5 13.5 119.5
2004 10/23-10/26 NOCK-TEN 5.0 2.5 9.5
2004 09/26-09/27 MEARI 0.0 0.0 0.0
2004 09/11-09/13 HAIMA 46.5 10.5 53.5
2004 08/23-08/26 AERE 327.0 55.5 491.0
2004 08/10-08/13 RANANIM 37.5 8.5 36.0
2004 07/14-07/15 KOMPASU 6.5 2.0 10.5
2004 06/28-07/03 MINDULLE 374.5 84.0 742.0
2004 06/07~1-06/09 CONSON 10.5 5.0 7.5
2003 11/02-11/03 MELOR 2.5 0.5 2.5
2003 08/31-09/02 DUJUAN 50.0 7.5 50.0
2003 08/22-08/23 KROVANH 9.5 9.0 19.0
2003 08/19-08/20 VAMCO 12.0 2.5 10.5
2003 08/02-08/04 MORAKOT 25.5 6.5 23.0
2003 07/21-07/23 IMBUDO 8.5 5.5 8.5
2003 06/16-06/18 SOUDELOR 41.5 8.5 39.0
2003 06/01-06/03 NANGKA 0.5 0.5 0.5
2003 04/21-04/24 KUJIRA 1.0 1.0 1.5
2002 09/04-09/08 SINLAKU 2.5 2.5 3.5
2002 07/09-07/10 NAKRI 28.5 19.0 55.5
2002 07/02-07/04 RAMMASUN 133.5 27.5 131.5
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Rainfall parameters of 46 typhoons investigated at the rainfall station C1108
Year Date Typhoon Max 24 hr Max Total
Name accumulate intensity Rainfall
2008 09/26-09/29 JANGMI 313.0 35.0 363.0
2008 09/21-09/23 HAGUPIT 5.0 3.0 5.0
2008 09/11-09/16 SINLAKU 475.0 43.0 686.0
2008 08/19-08/21 NURI 3.5 2.5 3.5
2008 07/26-07/29 FUNG-WONG 178.0 28.5 195.5
2008 07/16-07/18 KALMAEGI 375.0 73.5 390.0
2007 11/26-11/27 MITAG 21.0 4.0 18.5
2007 10/04-10/07 KROSA 316.5 56.0 322.5
2007 09/17-09/19 WIPHA 189.0 18.0 190.0
2007 08/16-08/19 SEPAT 134.0 21.5 229.0
2007 08/08-08/09 WUTIP 127.0 26.5 151.5
2007 08/06-08/08 PABUK 21.0 6.0 28.5
2006 09/14-09/16 SHANSHAN 23.5 4.5 20.5
2006 08/07-08/09 BOPHA 49.0 17.0 45.5
2006 07/23-07/26 KAEMI 23.0 5.0 24.0
2006 07/12-07/15 BILIS 184.0 21.0 284.0
2006 07/07-07/09 EWINIAR 107.5 43.0 114.0
2006 05/16-05/18 CHANCHU 32.0 6.5 46.0
2005 09/30-10/03 LONGWANG 58.5 19.0 55.0
2005 09/21-09/23 DAMREY 3.5 1.0 3.5
2005 09/09-09/11 KHANUN 5.5 5.0 8.5
2005 08/30-09/01 TALIM 189.0 24.0 197.5
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2005 08/11-08/13 SANVU 23.0 4.5 20.0
2005 08/03-08/06 MATSA 358.0 51.0 404.5
2005 07/16-07/20 HAITANG 203.5 27.5 374.5
2004 12/03-12/04 NANMADOL 80.5 9.5 81.5
2004 10/23~10/26 NOCK-TEN 2.0 0.5 2.5
2004 09/26-09/27 MEARI 0.0 0.0 0.0
2004 09/11-09/13 HAIMA 16.5 3.5 13.5
2004 08/23-08/26 AERE 277.5 43.0 444.0
2004 08/10-08/13 RANANIM 59.0 11.0 56.5
2004 07/14-07/15 KOMPASU 5.5 1.5 10.0
2004 06/28-07/03 MINDULLE 321.0 66.0 696.5
2004 06/07-06/09 CONSON 8.0 2.0 5.0
2003 11/02-11/03 MELOR 2.0 0.5 2.0
2003 08/31-09/02 DUJUAN 19.0 4.0 17.0
2003 08/22-08/23 KROVANH 9.0 6.0 16.5
2003 08/19-08/20 VAMCO 14.0 14.0 21.0
2003 08/02-08/04 MORAKOT 19.0 5.5 17.5
2003 07/21-07/23 IMBUDO 14.5 9.0 15.0
2003 06/16-06/18 SOUDELOR 32.5 6.0 29.5
2003 06/01-06/03 NANGKA 0.0 0.0 0.0
2003 04/21-04/24 KUJIRA 0.5 0.5 0.5
2002 09/04-09/08 SINLAKU 0.0 0.0 0.0
2002 07/09-07/10 NAKRI 55.0 27.5 132.0
2002 07/02-07/04 RAMMASUN 100.5 12.0 100.0
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Rainfall parameters of 46 typhoons investigated at the rainfall station C1I07
Year Date Typhoon Max 24 hr Max Total
Name accumulate intensity Rainfall
2008 09/26-09/29 JANGMI 307.0 33.0 376.0
2008 09/21-09/23 HAGUPIT 1.5 0.5 1.5
2008 09/11-09/16 SINLAKU 347.0 26.5 504.5
2008 08/19-08/21 NURI 0.0 0.0 0.0
2008 07/26-07/29 FUNG-WONG 201.5 21.0 243.0
2008 07/16-07/18 KALMAEGI 448.0 77.5 463.0
2007 11/26~11/27 MITAG 9.5 2.0 8.0
2007 10/04-10/07 KROSA 356.0 49.5 388.5
2007 09/17-09/19 WIPHA 131.5 23.0 131.5
2007 08/16-08/19 SEPAT 206.0 26.5 375.0
2007 08/08-08/09 WUTIP 130.0 18.5 163.5
2007 08/06-08/08 PABUK 27.0 8.0 33.0
2006 09/14-09/16 SHANSHAN 30.0 6.0 27.0
2006 08/07-08/09 BOPHA 36.5 9.5 35.0
2006 07/23-07/26 KAEMI 54.0 11.0 60.0
2006 07/12-07/15 BILIS 180.0 31.5 298.0
2006 07/07-07/09 EWINIAR 42.0 8.0 52.5
2006 05/16-05/18 CHANCHU 26.0 11.0 96.0
2005 09/30-10/03 LONGWANG 73.0 21.0 69.5
2005 09/21-09/23 DAMREY 8.5 1.5 6.5
2005 09/09~09/11 KHANUN 1.5 1.0 2.5
2005 08/30-09/01 TALIM 208.5 25.0 223.5
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2005 08/11-08/13 SANVU 49.5 7.5 46.0
2005 08/03-08/06 MATSA 335.5 43.5 380.5
2005 07/16-07/20 HAITANG 221.5 19.5 477.5
2004 12/03-12/04 NANMADOL 100.5 12.0 103.5
2004 10/23-10/26 NOCK-TEN 7.0 2.5 9.5
2004 09/26-09/27 MEARI 2.0 1.5 2.0
2004 09/11-09/13 HAIMA 39.5 7.5 48.0
2004 08/23-08/26 AERE 291.0 45.5 457.5
2004 08/10-08/13 RANANIM 33.0 11.5 30.0
2004 07/14-07/15 KOMPASU 5.5 2.0 9.5
2004 06/28-07/03 MINDULLE 420.5 63.0 925.5
2004 06/07-06/09 CONSON 15.0 5.0 13.0
2003 11/02-11/03 MELOR 3.0 1.0 3.0
2003 08/31-09/02 DUJUAN 55.0 6.0 55.5
2003 08/22-08/23 KROVANH 34.5 25.5 46.5
2003 08/19-08/20 VAMCO 53.5 32.5 68.5
2003 08/02~08/04 MORAKOT 24.5 6.0 21.5
2003 07/21-07/23 IMBUDO 18.0 17.5 22.0
2003 06/16-06/18 SOUDELOR 26.5 11.5 23.5
2003 06/01-06/03 NANGKA 0.0 0.0 0.0
2003 04/21-04/24 KUJIRA 3.5 2.5 7.0
2002 09/04-09/08 SINLAKU 0.0 0.0 0.0
2002 07/09-07/10 NAKRI 52.5 37.0 130.0
2002 07/02-07/04 RAMMASUN 107.0 15.5 107.0
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Rainfall parameters of 46 typhoons investigated at the rainfall station C1M44
Year Date Typhoon Max 24 hr Max Total
Name accumulate intensity Rainfall
2008 09/26-09/29 JANGMI 449.0 39.5 599.5
2008 09/21-09/23 HAGUPIT 32.5 6.0 32.0
2008 09/11~09/16 SINLAKU 469.0 30.5 911.0
2008 08/19-08/21 NURI 1.5 1.5 3.0
2008 07/26~07/29 FUNG-WONG 15.0 1.0 19.5
2008 07/16-07/18 KALMAEGI 516.0 60.5 563.0
2007 11/26-11/27 MITAG 20.5 3.5 26.5
2007 10/04~10/07 KROSA 210.0 30.0 210.5
2007 09/17-09/19 WIPHA 160.5 21.0 198.0
2007 08/16-08/19 SEPAT 456.0 42.5 986.5
2007 08/08-08/09 WUTIP 310.5 26.0 524.0
2007 08/06-08/08 PABUK 61.0 11.5 82.0
2006 09/14-09/16 SHANSHAN 64.5 18.0 63.0
2006 08/07-08/09 BOPHA 101.5 25.0 101.0
2006 07/23-07/26 KAEMI 169.0 20.0 199.0
2006 07/12-07/15 BILIS 329.5 39.5 686.5
2006 07/07-07/09 EWINIAR 100.5 18.5 99.5
2006 05/16-05/18 CHANCHU 67.5 13.0 162.5
2005 09/30-10/03 LONGWANG 153.0 27.5 149.5
2005 09/21-09/23 DAMREY 42.0 5.0 43.0
2005 09/09-09/11 KHANUN 19.0 11.0 23.5
2005 08/30-09/01 TALIM 479.0 43.0 521.5
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2005 08/11-08/13 SANVU 62.0 6.0 62.0
2005 08/03-08/06 MATSA 255.0 31.0 476.0
2005 07/16-07/20 HAITANG 450.0 29.0 921.0
2004 12/03-12/04 NANMADOL 129.5 21.5 140.5
2004 10/23-10/26 NOCK-TEN 6.5 2.5 6.5
2004 09/26-09/27 MEARI 2.5 1.0 2.5
2004 09/11-09/13 HAIMA 20.0 3.5 30.0
2004 08/23-08/26 AERE 271.0 38.5 501.0
2004 08/10-08/13 RANANIM 14.0 4.5 11.5
2004 07/14-07/15 KOMPASU 3.0 1.0 5.5
2004 06/28-07/03 MINDULLE 594.0 48.5 1101.5
2004 06/07-06/09 CONSON 25.5 10.5 26.5
2003 11/02-11/03 MELOR 8.5 3.0 11.5
2003 08/31-09/02 DUJUAN 181.5 16.5 208.5
2003 08/22-08/23 KROVANH 36.5 14.5 71.5
2003 08/19-08/20 VAMCO 25.0 13.5 41.0
2003 08/02-08/04 MORAKOT 66.5 6.0 67.0
2003 07/21-07/23 IMBUDO 24.0 15.0 39.5
2003 06/16-06/18 SOUDELOR 55.0 13.5 53.0
2003 06/01-06/03 NANGKA 11.0 1.5 8.0
2003 04/21-04/24 KUJIRA 15.0 8.5 19.0
2002 09/04-09/08 SINLAKU 4.0 1.0 1.5
2002 07/09-07/10 NAKRI 28.0 4.0 51.0
2002 07/02-07/04 RAMMASUN 41.5 6.5 46.5
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